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RESUMO
As provas geológicas e palinológicas são muito úteis na investigação forense, dada a sua 
importância na associação da vitima e/ou suspeito a um objeto e/ou a um local de crime, 
sendo, por isso, utilizadas pela Polícia Científica em vários países.
No presente trabalho, foi realizado um estudo científico das propriedades de sedimentos 
que podem contribuir para uma melhor fundamentação científica na tomada de decisões em 
investigações forenses. Neste contexto, foram realizados estudos em duas praias fluviais da 
cidade de Vila Nova de Gaia (Areínho de Oliveira do Douro e Areínho de Avintes) situadas 
na margem esquerda do Rio Douro (Norte de Portugal). A amostragem efetuada nos dois 
locais foi realizada em todas as estações do ano, tendo as amostras sido colhidas ao longo 
de um perfil perpendicular ao rio com o espaçamento de 15 metros. Posteriormente, foram 
estudadas através de uma combinação de diferentes técnicas para análise de componentes 
inorgânicos (análise da distribuição granulométrica, da cor, da suscetibilidade magnética, de 
minerais pesados e análise geoquímica), de componentes orgânicos (análise do conteúdo 
polínico e dos marcadores de cera provenientes de plantas) e também de isótopos de carbono.
Com a caracterização dos sedimentos, foi possível discriminar cada uma das duas praias 
fluviais, assim como, em cada praia, diferentes locais em função da sua distância ao rio. Foi 
também possível verificar que as características estudadas não sofrem grande influência 
sazonal. 
O estudo conjunto das características inorgânicas e orgânicas dos sedimentos aumenta a 
fiabilidade dos resultados obtidos, contribuindo para a correta utilização de sedimentos como 
prova na prática forense.
Os resultados apresentados nesta dissertação serão integrados numa base de dados de 
solos e sedimentos de Portugal, já em construção pelo Centro de Geologia da Universidade 
do Porto, com vista a futuras aplicações em investigações forenses.
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SUMMARY
Geological and palynologycal evidence are very important in forensic research due to their 
usefulness in the association of a victim and/ or suspect to an object and/ or a crime scene 
and is therefore used by the Scientific Police in many countries.
In this work, a scientific study of the properties of sediments that may contribute to a better 
scientific reasoning in decision making in forensic investigations was performed. In this context, 
studies were conducted in two river beaches in the city of Vila Nova de Gaia (Areínho de 
Oliveira do Douro and Areínho de Avintes) located on the left bank of the Douro River (Northern 
Portugal). The sampling in both locations was performed in all seasons of the year and the 
samples were collected along a profile perpendicular to the river, with a spacing of 15 meters 
from each other. They were subsequently studied by a combination of different techniques 
for analysis of inorganic components (analysis of particle size distribution, colour, magnetic 
susceptibility, heavy minerals and geochemical analysis), organic components (analysis of the 
pollen content and the wax marker compounds from plants) and carbon isotopes.
With the characterisation of sediments it was possible to discriminate each of the two river 
beaches, and different locations along each beach, depending on their distance from the river. 
It was also possible to verify that these features are not affected by large seasonal influence.
The combined study of inorganic and organic characteristics of the sediments increases 
the reliability of the results contributing to the enhanced use of sediments as evidence in 
forensic practice.
The results presented in this thesis will be integrated in a database of soil and sediments 
from Portugal that is already under construction by the Centro de Geologia da Universidade 
do Porto, with a view to future applications in forensic science.
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PART I - GENERAL INTRODUCTION
The application of science to questions related with legal investigations is generally called 
forensic science. The principal aim of forensic science is the study of many types of evidence 
related with criminal activity. This knowledge, based on reliable treatment and interpretation, 
can be used to help the courts make decisions in the criminal justice system. Normally it 
deals with different kind of trace evidence (microscopic, submicroscopic or visible naked 
eye materials) (De Forest et al. 1983), being a patchwork of different scientific disciplines 
(geology, botany, paleontology, biology, hydrology, statistics, among others) that substantially 
try to answer to questions such as: who?, when?, how?, where?, why? and what?. To be 
fully understood requires a multidisciplinary interaction that makes efficient timesaving using 
appropriate equipment and technologies to focus on search targets (Pringle et al. 2012). 
Therefore, the results achieved provide corroborating evidence contributing to correct judicial 
answers.
Geology is one of the forensic science branches dealing the study of earth materials 
(soil, rocks, minerals and fossils) that can be analysed and used in legal matters helping in 
the resolution of issues related with criminal (murder, kidnapping, drug dealing, road traffic 
violation, among others) and environmental (pollution, mineral and oil extraction) forensic 
investigations (Ruffell and Dawson 2009; Pringle et al. 2012). Forensic geology is accepted 
as a valid source of scientific evidence in the United States and is also considered as a valid 
approach in the United Kingdom (Murray 2011). The use of earth materials in forensic geo-
logy primarily concerns soil (the term soil is applied in its “latum sensum” including soils and 
sediments). Soil analysis is one of the most ancient applications of geology to forensic events 
(Murray and Tedrow 1992a).
The “Sherlock Holmes” fictional book series written by Sir Arthur Conan Doyle (1887-
-1893) are proof of the ancient fictional references using soil as physical evidence (Murray 
and Tedrow 1992a; Ruffell and Mckinley 2008). Despite these references being untested by 
court or peer review publication, they had an influence on the way that the early police forces 
conducted their forensic inquiries (Ruffell and McKinley 2005; Morgan and Bull 2007b). 
Hans Gross (1847 -1915) in 1893 published “Handbook for Examining Magistrates” rich in 
theoretical discussions about many areas of forensic sciences including forensic geology. The-
refore, he is considered by Murray (2004) the best -document founder of criminal investigation 
(Ruffell and McKinley 2005). However, it was only in 1975 that the first specific textbook on 
forensic geology was published (Murray and Tedrow 1975). This book describes also practical 
criminal cases resolved by Georg Popp (1861 -1943) and has been continuously updated, 
including recent technological developments, showing its utility and testifying the evolution 
of geoforensic science (Murray and Tedrow 1986;  Murray and Tedrow 1992a; Murray and 
Tedrow 1992b; Murray 2004; Murray 2011). Georg Popp became the first scientist that pre-
sented a case in court where soil was used to help ensure a criminal conviction (Marumo 
2003; Ruffell and McKinley 2005). In the meantime, other books illustrate the principles, tech-
niques and applications in geoforensic research (Pye and Croft 2004b; Pye 2007; Ruffell and 
Mckinley 2008; Ritz et al. 2009; Bergslien 2012). Edmond Locard (1877 -1966) was the first 
nonfictional forensic scientist that formally produced a foundation for transfer evidence (De 
Forest et al. 1983; Murray and Tedrow 1992b). He established Locard´s Exchange Principle 
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(1930): “Whenever two objects come into contact, there is always a transfer of material. The 
methods of detection may not be sensitive enough to demonstrate this, or the decay rate may 
be so rapid that all evidence of transfer has vanished after a given time. Nonetheless, the 
transfer has taken place” (Murray and Tedrow 1992b). This principle reflects his belief about 
the impossibility of the occurrence of a crime without leaving evidence at the crime scene or 
with the perpetrator. Although this principle is commonly applied to biologic evidence such 
as fingerprints, DNA and hair, it can also be used in soils, rock debris and materials manu-
factured from geological sources (Ruffell and Dawson 2009). This principle is best reflected 
if a combination of materials is found or with the presence of unique particles (Ruffell and 
Dawson 2009). In some cases, no significant trace evidence can be found to help with the 
reconstruction of a crime. Even though, persistence should prevail to collect trace evidence 
during any kind of investigation (De Forest et al. 1983). 
All of the contributions referred to above have been very important to the beginning of the 
development of forensic science using soil as evidence (Morgan and Bull 2007b).
Many crimes occur under circumstances which permits the transference of considerable 
quantities of soil (De Forest et al. 1983), usually from its surface or near sub -surface (Mayes 
et al. 2009). The use of soil is extremely important since this material can easily adhere to 
most surfaces, allowing the transference of its components becoming crucial evidence to 
associate or disassociate between persons, places and objects (Murray and Tedrow 1975; 
Dawson and Hillier 2010). Soil studies normally imply the identification of its components and 
comparison of samples to establish their equality, and of assessing whether it is possible to 
exclude samples from a similar provenance (Morgan and Bull 2007b; Dawson and Hillier 
2010). For soil analyses with forensic purposes, techniques of exclusion should be used 
rather than techniques of inclusion. When two samples have similar characteristics it does 
not necessarily mean, in forensic geoscience, that they were from the same place (Morgan 
et al. 2006a; Morgan and Bull 2007b; Bull et al. 2008). This principle of exclusion, contrasts 
with the geological approach that normally aims to identify and classify the samples accor-
ding to their similarities (Morgan and Bull 2007b). It is possible for a match to occur between 
samples, but a perfect match is rarely or never found, as no two samples are ever identical 
in all respects (Robertson 2009). Also, it should be kept in mind that even if samples match 
together this does not mean that samples are unique to any particular source. However, if 
they clearly do not match, then this evidence may exclude any association between samples 
(Horrocks and Walsh 1998). When evidence is exclusionary, the assessment of the evidence 
is straightforward. On the other hand, if the evidence is not exclusionary, then, the assess-
ment of its significance is difficult (Horrocks and Walsh 1998). 
The study of soil macro and micro -scale characteristics can also be carried out for the 
purpose of predicting its provenance (Morgan and Bull 2007b). This occurs mainly when more 
than one questioned sample is under evaluation and there is no information as to its origin. 
The aim is to analyse the nature/ location of their source, which normally requires reference 
to soil databases (Pye 2007). The comparison of questioned samples with samples of known 
provenance can lead only to three conclusions: both samples have not, could have or cer-
tainly have the same origin. The credibility of the conclusion depends on the degree that the 
soil properties vary at the known location, the precision of the methods that were applied to 
carry out the comparisons (repeatability and reproducibility) and how the studied parameters 
of similarity and difference are in the wider environment. The degree of similarity or difference 
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between parameters measured in different soils will depend on the type of soils analysed, 
their parent materials and their land use histories (Pye et al. 2006a).
Soil can be also used in the context of environmental forensics in relation to issues to 
determine timing, distribution of chemical contamination and the potential responsible source 
of the contamination. Inorganic pollutants require special attention because they are not 
decomposed as the organic ones (Muller et al. 1994). The covert disposal of waste by burial is 
a major problem worldwide due to the unknown contents, location and potential effects of the 
buried materials. Using established principles related with geological materials in excluding 
or linking suspects, issues about illegal waste disposal can also be clarified and potentially 
solved (Ruffell and Dawson 2009). 
1. Soil characterisation
Soil formation involves the factors of parent material, temperature, water condition, vegeta-
tion, time and chemical processes (solution, oxidation, reduction) in addition to human acti-
vities (Marumo 2003). Soil is a dynamic system with biological and geochemical processes 
constantly taking place (Murray and Tedrow 1992a). It holds a diversity of inorganic and 
organic compounds that work like a fingerprint once its complex mix (types and proportion of 
materials), from natural or anthropogenic sources, is normally unique (Wiltshire 2009; Daw-
son and Hillier 2010). The more complex a given soil sample, the more uniqueness can be 
obtained (De Forest et al. 1983). Its exclusivity, that makes soil evidentiary value excellent in 
many cases, is due not only to its wide range of components but also to its physical nature, 
such particle size and density (Marumo 2003). 
As the soil comprises a large variety of components, there are several descriptive and 
predictive analyses that can be performed, providing different types of information in order to 
use soil in a forensic investigation (Morgan and Bull 2007b; Dawson and Hillier 2010). Some 
of these analyses have wider application than others and some are totally destructive whilst 
others are non -destructive (Pye and Croft 2004a). In general, the approach is best to start 
with non destructive, followed by destructive, always with consideration to leave a portion for 
the defence to independently analyse. 
1.1 Inorganic features
In the past, the inorganic soil fraction was predominantly studied for forensic purposes, having 
the advantage of being inert and with often little disturbance by time or storage conditions 
(Dawson and Hillier 2010). It is composed of naturally occurring mineral grains and fragments 
from the underlying bedrock and weathering products. There is a wide range of techniques 
available to study the inorganic soil components such as particle size distribution, colour, 
magnetic susceptibility, heavy and light mineral composition, elemental composition (major 
and trace elemental analysis), macroscopic observation, low -power stereo -microscopic obser-
vation, anionic composition and analyses of structure, consistency, shape, texture, density 
gradient distribution and pH (Murray 2000; Marumo 2003; Morgan and Bull 2007b; Dawson 
and Hillier 2010). 
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1.1.1 Particle size distribution
In a forensic investigation, the analysis of particle size distribution can provide clues about 
the nature and provenance of the soil samples (Chazottes et al. 2004; Dawson and Hillier 
2010). Prevailing energy conditions, the transport and the depositional environments can be 
deducted alongside (Saye and Pye 2004). However, is very important to consider the pos-
sibility of mixing (pre - and post - contamination) and the different capacity of transference, 
persistence and decay of the several grain sizes in a soil sample, since the finer grains like 
clay (d< 1/ 256 mm) are the ones that have generally better adherence and persistence. Nor-
mally, sands (1/ 16 mm <d< 2 mm) are not retained but they are often present in the control 
samples (Chazottes et al. 2004; Dawson and Hillier 2010). During transfer of soil material 
onto footwear, clothing and other items, particle size fractionation may take place and the 
questioned sample may not contain the full range of particle sizes present in the soil source 
(Pye et al. 2007). Great caution should also be taken in comparing results of particle size 
distribution obtained in samples with different weights (e.g. a trace sample and a 1kg bulk 
sample) as they may derive from the same geographic area but may differ fundamentally 
in their grain size distribution, thus producing a false -negative result (Chazottes et al. 2004; 
Morgan et al. 2006; Morgan and Bull 2007a). This kind of result can also be achieved due to 
the three -dimensional structure of the soils if two samples have similar provenance but have 
been collected from different soil layers (surface and deeper horizons) with possible mixing 
(Morgan and Bull 2007a).
Mostly, and considering the issues above, samples with different particle size distributions 
can be considered exclusionary. However, if they have the same particle size distribution it 
cannot be argued that they surely have the same or similar provenance because they may 
derive from different locations with a similar environment (Morgan and Bull 2007a).
The comparison of the relative abundance of particles in different size ranges is one of 
the most important procedures when screening soil samples and has as function the mine-
ralogical composition of soils once, for example, quartz and feldspars occur mainly in larger 
fractions (Marumo 2003; Dawson and Hillier 2010).
There are a diverse range of techniques that can be used in particle size determination 
being each one appropriate for a particular range of particle sizes (Pye and Blott 2004). Thus, 
the choice of the technique is to a large extent based on the type(s) of sediment under con-
sideration (Blott et al. 2004) and the purpose of the analysis (Pye 2007).
Sieving (Fig. 1) is the method generally used to separate the different size fractions being 
each fraction weight expressed in grams (Pye and Blott 2004; Pye and Croft 2004a; Dawson 
and Hillier 2010). However, normally requires about 1g of soil, which is rarely available in a 
forensic investigation (Marumo 2003; Dawson and Hillier 2010). 
Pipette analysis (sedimentation) and Coulter Counter and X -ray Serigraph are both best 
suited to finer sediments (d<1/ 16 mm) such as silt (1/ 256 mm <d< 1/ 16 mm) and clay 
(d<1/ 256 mm) (Pye and Blott 2004). Laser granulometers are a faster non -destructive and 
precise high -resolution method to determine the particle size distribution of a wide range of 
particle sizes from clay to sands (1/ 256 mm-2 mm) (Pye and Blott 2004; Dawson and Hillier 
2010). They are useful to analyse very small samples (e.g. 50 mg) being the weight of each 
fraction expressed in volume percentage (Pye and Croft 2004a; Dawson and Hillier 2010). 
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The analyses of coarser samples need a larger sample to have reproducible results (Dawson 
and Hillier 2010).
Figure 1. 
Sieving being performed using a column of ten sieves (Centro de Geologia da 
Universidade do Porto (CGUP)).
The results obtained using different techniques are not directly comparable once the 
various methods measure widely different aspects of “size” and are influenced by variations 
in particle shape, density and optical properties (Pye and Blott 2004).
The shape of the particle size curves and the statistical results obtained for each size dis-
tribution contribute to establish the similarity or dissimilarity between samples (Pye and Blott 
2004; Dawson and Hillier 2010).
Sugita and Marumo (2001) analysed the validity of particle size distribution for forensic 
discrimination of soils using sieves. They showed that wet sieving should be applied for the 
separation of the fine size fraction (<0.05 mm particle size) and dry sieving should be applied 
to the coarser fractions. They also suggested that for small soil samples, only three particle 
size classes should be used (<0.05, 0.05 -0.2 and 0.2 -2 mm) to make the intrasample varia-
tion small and the intersample variation large for each particle size class. With their work, 
analysing 73 soil samples within the same area, 88% of them could be discriminated using 
this method. 
Chazottes et al. (2004) proved that both the particle size distribution of the source soil and 
the type of footwear can significantly affect the particle size distribution of the transferred soil 
sample subsequently taken from the shoe. They also showed that a source soil sample with 
silt -sized particles (ie a unimodal particle size distribution) leads to a more similar particle 
size distribution of the transferred sample than if the source soil sample has fine and course 
particles (ie a bi -modal distribution). In this last case differences between the source and the 
transferred samples were significant. However, variation in grain -size distribution between 
samples from the same source did not overlap the variation between soils originated from 
different sources.
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Blott and Pye (2006) demonstrated that significant differences in particle size parameters 
of natural sediment samples between laser analysis and sieving are partly due to the particle 
shape effects. The way in which the computer software interprets the light scattering data to 
calculate the most likely size distribution also contributes to these differences. If the particles 
analysed are spherical, the differences are smaller being also significantly for samples with 
bimodal or truncated distributions.
1.1.2 Colour
Colour is one of the most significant features used to distinguish soil (Sugita and Marumo 
1996; Marumo 2003). Saferstein concluded that there are approximately 1100 distinguishable 
colours in soils (Saferstein 1995; Pye and Croft 2004a). It is particularly useful in preliminary 
examinations, to exclude soils that probably have derived from different origins (De Forest 
et al. 1983). 
The colour of soil samples is the result of its composition in which both soil development 
conditions and mineralogical composition are reflected (Marumo 2003). Colour perception 
can be affected by a variety of factors such as light source and direction or angle of view, 
the effects of background and contrast, grain size, compaction and the crystalline nature of 
the material, moisture content and temperature (Minolta 1994; Croft and Pye 2004a). The 
presence of organic matter can also have an influence on the colour results (Pye and Croft 
2004a). A reddish, brownish or yellowish colour is usually due to the presence of iron oxides; 
a darker soil means presence of humic substances (Murray and Tedrow 1992b; Marumo 
2003) and/ or greater moisture content (Croft and Pye 2004a); a blacker soil means a soil 
rich in organic matter content (Murray and Tedrow 1992b; Croft and Pye 2004a) and it is 
generally related to manganese or various iron and manganese combinations; green colour 
is generally due to concentration of specific minerals like some copper minerals, chlorite and 
glauconite; deep blue to purple colouration is generally due to the mineral vivianite and iron 
phosphate (Murray and Tedrow 1992b) and a spotting or mottling soil indicates “gleying” or 
reducing conditions. Thus, colour analysis has been widely used to characterise soils and 
sediments in mapping and provenance studies (Croft and Pye 2004a).
Colour analysis can be a descriptive technique that can be performed on different soil 
samples preparations: bulk, milled, dried, after air -drying, after wetting, after organic matter 
decomposition, after iron oxide removal and after ashing (Dawson and Hillier 2010). This 
analytical methodology has the advantage of being relatively easy to carry out, inexpensive 
and non -destructive (Marumo 2003; Croft and Pye 2004a). It is also normally one of the mea-
surements available in soil databases for comparisons (Dawson and Hillier 2010). 
Soil colour can be described in classical qualitative terms when visually determined using 
Munsell soil colour charts or in numerical or graphical terms using a computer -controlled 
spectrophotometer system (Fig. 2). 
The use of the Munsell Colour Chart is an accurate way to identify colours being an exce-
llent discriminatory tool that can eliminate extra steps of analysis. It allows the reproduction 
of the colour and shows the correlation between the colour and the chemical composition of 
the soil (Junger 1996). Through the Munsell Colour System, the colour is expressed by the 
combination of hue (primary or secondary colour), value (relative lightness/ darkness) and 
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chroma (intensity or saturation) and colour samples are compared with Soil Colour Standards 
(Marumo 2003; Pye and Croft 2004a). However, this methodology when performed as a 
visual match is unavoidably subjective. Different evaluators frequently assign different values 
to the same sample and even the same evaluator may interpret the same sample differently 
in other situations. The existence of subjectivity can be overcome by the use of a spectropho-
tometer that imposes further standardization on the variables involved in the colour perception 
(Croft and Pye 2004a).
Figure 2. 
Konica Minolta CM -2600d spectrophotometer 
(James Hutton Institute).
Dudley (1975) studied the utility of colour analysis for soil forensic discrimination using the 
Munsell Soil Colour Charts. He suggested that three colour measurements per each sample 
should be carried out on the air -dried, moistened and ashed (850ºC, 30min) state samples. 
Through his experimentation, he concluded that measuring colour in ashed samples is the 
best methodology to have discrimination between soil samples. Conversely, he found that 
measuring colour in moistened samples is the worst methodology to obtain discrimination. 
However, it may be useful for small samples when ashing is not indicated because of its 
destructive character or when samples show the same ashed colours. Using also the Munsell 
Soil Colour Charts, Janssen et al. (1983) proposed that the colour measurements should be 
carried on the clay fraction once it is more homogeneous minimizing the variation due to the 
soil particles. Antoci and Petrarco (1993) suggested the use of a special paperboard to do 
the direct colour comparisons between samples and standard colour chips. 
Sugita and Marumo (1996) showed that combining different colour measurements can 
effectively facilitate discrimination between soil samples. They could differentiate 70% of soils 
by comparing colours of air -dried samples. This result was improved to 97% of soils discrimi-
nated through a combination of the results with colour measurements after moistening and on 
clay fraction after organic matter decomposition and iron oxide removal. They also reported 
that measurements on ashed soil did not improve the discriminatory power between samples. 
The spectrophotometer provides a precise, objective and rapid method for soil sample 
comparison (Dawson and Hillier 2010) requiring small sample amounts supplying repea-
table and accurate results (Croft and Pye 2004a). The colour is measured through L*a*b* 
indices which express them in terms of a position on a 3 -D sphere (Pye and Croft 2004a). 
L* represents lightness, a chromatic measure running from 0 (very dark) to 100 (very pale); 
a* represents a green -red continuum (takes positive values for reddish colours and negative 
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values for greenish ones) and b* represents a blue -yellow continuum (takes positive values 
for yellowish colours and negative for the bluish ones) (Croft and Pye 2004a; Guedes et al. 
2009).
Although colour comparisons can undoubtedly be useful in forensic investigations, it is 
important to bear in mind that in some situations, the colour of soils can vary significantly 
over small spatial distances and with time due to fluctuations in field or laboratory conditions 
(Pye 2007).
1.1.3 Magnetic susceptibility
The earth´s magnetic field is generated at its iron -nickel core and varies in intensity, location 
and polarity (positive and negative, north and south) through time. Rock and sediment mag-
netic properties suffer variation, mainly due to their iron content. The magnetic susceptibility 
is the latent magnetism of Earth materials and is most directly related with iron contents in 
the mineral structures (Ruffell and Mckinley 2008). 
When a mineral or rock is exposed to a magnetic field, it acquires an induced magneti-
zation. The induced magnetization and the magnetic field are related by the magnetic sus-
ceptibility (Guedes and Noronha 2008). It is defined as a ratio of the material magnetization 
(per unit mass) to the low external magnetic field (Maier et al. 2006), and in soils, it is directly 
proportional to the quantity, composition and grain size of minerals in the sample, which 
can be diamagnetic, paramagnetic, antiferromagnetic or ferromagnetic species. Diamagne-
tic minerals submitted to a magnetic field acquire a magnetization opposite to it. Thus, the 
diamagnetic susceptibility is negative and it disappears when the mineral is no longer under 
the action of the magnetic field. Quartz, calcite and feldspars are examples of diamagnetic 
minerals. When paramagnetic minerals are submitted to a magnetic field, they acquire a mag-
netization parallel to the magnetic field direction. However, the paramagnetic susceptibility is 
weak. Silicates with Fe2+, Fe3+ and Mn2+ ions in their structure are examples of paramagnetic 
minerals. The antiferromagnetic susceptibility is close to the paramagnetic susceptibility. 
Applying a magnetic field is also positive and it also disappears when the magnetic field 
is removed. Minerals that have a spontaneous magnetization even without the influence of 
an external magnetic field are the ferromagnetic minerals. It is possible to distinguish three 
magnetic order states: ferromagnetism (parallel magnetization e.g. iron), ferrimagnetism 
(antiparallel magnetization with different intensity e.g. magnetite) and weak ferromagnetism 
(sub -parallel magnetization e.g. hematite). 
The soil characterisation method that can be measured either in laboratory (Fig. 3) or direc-
tly in the field has the virtue of being rapid, simple, economic, sensitive and non -destructive 
(Manrong et al. 2009). It also does not require sample preparation and it can be carried out 
on small samples (0.5g) (Guedes et al. 2011a; Guedes et al. 2013b).
Magnetic susceptibility is an excellent tool for soil studies and it is widely employed in 
geoscience studies related with environmental magnetism (Manrong et al. 2009). Magnetic 
susceptibility has become an established method to detect polluted sources and regions 
(Schibler et al. 2002; Maier et al. 2006), and to define the spatial distribution of the superficial 
pollution phenomena. Where the magnetic susceptibility measurements show high values, 
there is a presence of ferromagnetic substances in the first few centimetres of the subsoil 
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(Chianese et al. 2006). Magnetic minerals in soils may be either inherited from the parent 
rocks or may derive from anthropogenic activities. This is reflected in the soil horizons that 
have higher magnetic susceptibility: A horizon, in the former case and O horizon (organic 
layers), in the latter (Boyko et al. 2004). Thus, where the susceptibility background value is 
low, soil magnetic susceptibility measurements can be used for anthropogenic pollution moni-
toring. Care should be taken because microbial and bacterial activity can naturally increase 
the magnetic susceptibility in topsoil by causing the initial dissolution of non -magnetic iron-
-oxides with subsequent production of secondary ferromagnetic minerals. The level of mag-
netic susceptibility in soils can also naturally vary due to the grain size, whose smaller size 
(<50nm) increases the susceptibility (Schibler et al. 2002). 
Figure 3.
Kappabridge model KLY -4S of Agico balance to measure 
magnetic susceptibility in laboratory (CGUP).
Magnetic susceptibility studies performed by Maier et al. (2006) verified that the influence 
of soil moisture and resulting soil conductivity can be neglected for topsoil magnetic mapping 
in the field. However, Boyko et al. (2004) concluded that there are some factors that can 
affect the magnetic susceptibility values measured on soils such as: inhomogeneities in the 
distribution of magnetic particles within the place measured, positional precision navigation, 
different equipment sets used, vegetable cover and anthropogenic activity.
Chianese et al. (2006) showed that magnetic susceptibility analysis allows for monitoring 
areas exposed to heavy metal pollution phenomena being well correlated with the heavy 
metals concentration measured in soil samples. This monitoring capacity was also proved by 
other studies, reducing the scale of subsequent geochemical sampling and analysis (Boyko 
et al. 2004; Schmidt et al. 2005). Schmidt et al. (2005) also showed that when the source of 
contaminants is not from recent airborne particles (anthropogenic pollution), the capacity of 
field measurements of volume magnetic susceptibility to be used as proxies to highlight areas 
with heavy metal contamination is improved if the turf layer is removed before measurements.
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1.1.4 Heavy minerals
Minerals are an important component of soil, having been used as early as 1939 for the 
forensic soil characterisation by the Federal Bureau of Investigation (FBI) (Murray and Tedrow 
1992b; Ruffell and McKinley 2005). The knowledge of the type of heavy minerals of a soil 
allows the correspondence to the parent rocks from which they were formed (Dawson and 
Hillier 2010), since they change according to local variations and the specific geological and 
pedogenic situation (Marumo 2003). 
Heavy mineral studies are a valuable investigative tool. Their assemblage yield unique 
information and they have a wide and diverse range of applications including, constraining 
sediment provenance, tracing transport paths, depicting the action of hydraulic regimes and 
selection processes and understanding diagenetic processes (Cascalho and Fradique 2004). 
In general, heavy minerals are derived from magmatic and metamorphic rocks and their num-
ber and type vary within wide limits being the common sand species around nineteen (Pye 
2007). Their density is greater than those of the common silicate minerals (quartz and felds-
pars with densities 2.65 and 2.56 to 2.76, respectively) (Dawson and Hillier 2010). Normally, 
they are concentrated in the finer particle sizes and in sediments they appeared with small 
percentages (around 2%) (Pye et al. 2007). Once concentrated (usually through heavy liquid 
separation using bromoform, a dense liquid with a density of around 2.89 (Fig. 4)) and iden-
tified, they can be more useful to distinguish between soils than the other common minerals 
that are present in bulk soil (Dawson and Hillier 2010).
Figure 4. 
Heavy minerals separation using bromoform (CGUP).
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Many opaque and transparent mineral species are heavy minerals. Opaque minerals, 
generally oxides, are usually grouped and sulphides are the most predominant silicate group 
of transparent heavy minerals (Murray and Tedrow 1992a).
The great advantage of the heavy minerals technique through concentration by heavy 
liquids is that the rare but often highly diagnostic species can be detected. Normally, they are 
not encountered in other techniques like thin -section -based sandstone petrography (Mange 
and Wright 2007). One of the limitations in mineral identification is that different examples of 
the same minerals are rarely equal in detail (Dawson and Hillier 2010).
1.1.5 Elemental geochemistry
Elemental composition is usually expressed in terms of major elements, the most abundant in 
Earth´s crust, and trace elements that typically have abundance lower than 0.1% (Pye 2007).
The elemental composition of the inorganic fraction of soils reflects the mineralogy of 
the geological material source, any anthropogenic contaminant which may be present, and 
the effects of post -depositional weathering and soil development (Saye and Pye 2004). It is 
correlated with its mineralogical composition once different kinds of minerals have distinctive 
elemental compositions (Dawson and Hillier 2010). Thus, elemental composition likely varies 
according to particle size variations since different minerals often occur in different particle 
size ranges. The degree of variation in particle size distribution differs greatly from one soil 
type to another once one can be more homogeneous that the other (Pye et al. 2007). Howe-
ver, Pye & Blott (2008) testify that this technique only have weak or none relationships with 
colour, particle size and stable isotope ratios being almost independent relatively to them.
The elemental chemical analysis of soil samples is normally processed for the comparison 
between two or more samples or for the environmental characterisation of a specific place. 
The usual employed methods are the inductively coupled plasma (ICP), X -ray fluorescence 
(XRF), atomic absorption spectroscopy (AAS), neutron activation analysis (NAA), energy and 
wavelength dispersive X -ray (EDX and WDX) microanalysis and spark -source mass spectro-
metry (SS -MS) (Pye et al. 2006b; Dawson and Hillier 2010). There are two principal variants 
of ICP spectrometry, the ICP -OES (optical emission spectrometry) also known as ICP -AES 
(atomic emission spectrometry) and the ICP -MS (mass spectrometry) that suits to a different 
range of elements (Pye et al. 2006b; Pye 2007). 
Such methods have the advantage of allowing a rapid and relatively inexpensive provision 
of information of the concentration around 60 elements, when used in combination. There are 
some elements that are present in such trace amounts that their concentration approaches the 
limit of detection, increasing the uncertainty of these results (Jarvis et al. 2004; Dawson and 
Hillier 2010). This is one disadvantage of the elemental analysis, in addition to it being des-
tructive in nature and requiring relatively large amounts of sample (several grams) (Marumo 
2003). However, Bull et al. (2008) contend that with only 0.25g it is possible to obtain a high 
precision analysis. They argued that with 0.25g, results can be obtained although precision 
and accuracy diminish with decreasing samples size. The ICP -MS instrument measures most 
of the elements in the periodic table and accurately determines how much of a specific ele-
ment is in the material analysed with few interferences. Compared with other technologies it 
offers better benefits, the opportunity to achieve higher productivity and obtain lower detec-
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tion limits. It also can easily handle both simple and complex sample matrixes (PerkinElmer 
2001). Some issues are raised concerning the sample representativeness (Pye 2007) and 
the need of sample homogenization prior to analysis making impossible the identification of 
pre -, syn - or post - event mixing. Thus, the derived conclusions cannot be tested and there is a 
considerable possibility of achieving false -positive or false -negative interpretations from such 
data (Bull et al. 2008). In general, the more chemically similar the samples being analysed 
are, the more likely it is that they come from the same or very similar source. However, it is 
almost impossible to obtain perfect chemical similarity due to the inherent spatial variation 
which exists in soils, together with variability introduced by sampling, sample preparation and 
instrumental measurement (Pye 2007).
Pye et al. (2006b) analysed instrumental measurement precision and method precision on 
ICP analysis of soil samples and generally obtained better repeatability than reproducibility. 
Therefore, they recommended that samples related with the same investigation should be 
analysed in the same sample run or at least sequential runs. In other study Pye et al. (2007) 
proved that there are significant differences between doing ICP analysis in different size 
fractions (<150, 63 -150, 20 -63 and <20µm) and bulk sediments of the same sample, underli-
ning the need to make forensic comparisons using standardized, relatively narrowly defined, 
size fractions. They stated that all of the size fractions are adequate to do associations and 
differences between samples, although the <150µm is the best fraction that provides a com-
promise between sample size requirements and data resolution (major and trace elements) 
(Pye et al. 2007).
1.2 Organic features 
A close relationship exists between the inorganic and organic soil features. Organic substan-
ces can also offer an opportunity to compare samples. Hence, organic analyses should not 
be neglected. The local litter is the main source of soil organic matter in most soils. However, 
managed soils may also have organic inputs derived from the application of manures, slurry, 
composts or mulches (Mayes et al. 2009). 
Palynology is commonly used to study the organic soil fraction in a forensic context (Lynne 
et al. 2005; Dawson and Hillier 2010). However, other techniques are starting to be used 
to provide information about this kind of soil components namely, enzymatic classification, 
analysis of botanical fragments, bacterial DNA, microorganisms (e.g. diatoms), and plant 
wax compounds (e.g. n -alkanes and alcohols) (Marumo 2003; Coyle 2005; Morgan and Bull 
2007b; Dawson and Hillier 2010). The organic fraction can have a natural origin from plants, 
animals and microbiota or can also be introduced by man activities (Dawson and Hillier 2010). 
Since the soil is a source of water, mineral nutrition and physical support for plants, the 
patterning of soil types at local, regional and national levels and the needs and tolerances 
of plant species, their geographical distribution can be important information. Other plants, 
animals, microorganisms and people can also interfere in plant distribution (Wiltshire 2009). 
All of these inputs provide a specific biochemical signature that commonly has a strong dis-
criminatory power (Dawson and Hillier 2010). 
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1.2.1 Palynology
Pollen belongs to one of those called “silent proofs” once it is so small (5 to 200µm in dia-
meter) and can easily adhere to various surfaces with natural, artificial or even human origin 
without being noticed (De Forest et al. 1983; Coyle 2005; Dawson and Hillier 2010). 
The higher plants (flowering and cone -bearing plants) produce pollen which carries the 
male sex cells as part of their sexual reproductive cycle. In turn, spores are the asexual 
reproductive bodies of lower vascular plants (e.g. ferns) and non -vascular plants (e.g. mosses 
and fungi) and develop into a new organism (Coyle 2005). Some plant species can perform 
self -pollination and others can perform pollen dispersion through animals (mainly insects), 
wind or water (Mildenhall et al. 2006). 
Self -pollinated plant species called “autogamous” are the ones that produce less amounts 
of pollen (one hundred or less per anther) due to their efficient dispersal method (Bryant 
and Mildenhall 1998; Coyle 2005). Their pollen is well preserved although it is disper-
sed in minimal numbers, making it, of little value for forensic work (Bryant and Mildenhall 
1998). However, if they are found, they can indicate the close proximity of the parent plant. 
“Cleistogamous” plants are also self -pollinated but they have an even more efficient repro-
ductive strategy once they have a closed self -pollination system in which the plants retain 
the produced pollen within an unopened flower. The number of pollen grains produced is 
very limited. Although not common, this kind of pollen can appear in a forensic sample once 
these plants can lose some pollen grains such as by attaching themselves to people brushing 
passed them (Mildenhall et al. 2006). 
The insect pollinated species called “zoogamous” (entomophilous plants) are the ones that 
have more interest for forensics. Its pollen has some of the most durable outer walls remai-
ning on the soil near their own plants for long periods of time despite they are produced in 
small amounts (one thousand or less per anther) (Bryant and Mildenhall 1998). Direct contact 
with the parent plants or with soil in their vicinity would be necessary to transfer them to the 
items such as clothing (Horrocks and Walsh 1998). 
Pollen from wind pollinated plant species (anemophilous plants) can be dispersed through 
long distances and they are produced in large amounts (10.000 to >100.000 grains per 
anther) (Bryant and Mildenhall 1998; Marumo 2003; Coyle 2005; Wiltshire 2009). There are 
a large number of factors that can determine how far an individual pollen grain will travel 
including height of release, the release mechanism, strength of wind and the presence of 
up and downdrafts, weight, shape and aerodynamics of the grain, atmospheric conditions 
(humid, dry, wet, hot and cold) and obstructions between the source plant and its surroun-
dings. These will help in determining the “sinking speed” of each pollen grain (Mildenhall et 
al. 2006). Knowledge about the rate at which a pollen grain falls to the ground is also useful 
for forensic research. Pollen grains with faster rates have a smaller dispersion area so when 
they are found, a greater precision in identifying source region may be possible (Bryant and 
Mildenhall 1998). Wind transported pollen is usually deposited on almost all surfaces. Due 
to their large volume of dispersion it is the most likely type of pollen to be deposited on the 
ground and become part of the permanent pollen deposits for a record of a geographic region 
(Bryant and Mildenhall 1998; Coyle 2005). However, due to the uncertainties of factors such 
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as wind speed, direction and likely distance travelled, it is less useful for characterising a 
specific locus. 
Water transported pollen produced mainly by aquatic plants (hydrogamus plants) are nor-
mally of little potential value for forensic works once it is almost never preserved in sediments 
and also oxides rapidly when goes out from the water (Bryant and Mildenhall 1998). Unlucky, 
most pollen grains do not achieve the female part and can end up as components of soil and 
dust (Coyle 2005) dying very quickly (Wiltshire 2006a). 
Although sometimes soil samples are barren, most of them have pollen grains or spores 
in greater or less amounts. They can derive from locally growing plants, from living plants 
growing some considerable distance away or can represent fossil pollen which has been 
recycle from older soils (Pye 2007).
Pollen has such complex morphology (size, shape, symmetry, stratification, ornamentation, 
number and distribution of the wall apertures) that enables the identification of a specific plant 
taxon (Fig. 5, 6). 
Figure 5. Main types of structure and sculpturing. Endexine/ foot layer: concentric signature in section, white in 
surface view. Columellae black in pattern figures 1 -N. Columellae not indicated in surface view of tectate exines. 
Tectum shaded; black: sculpturing features (Faegri and Iversen 1989).
The pollen data can be correlated with a specific region or scene (Dawson and Hillier 2010) 
and the high heterogeneity and variability in palynological profiles can make most locations 
unique (Wiltshire 2009).
If one or more exotic plants are present at the scene of interest, its pollen can be highly 
specific in identifying contact. However, as normally this does not happen, interpretations 
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must be based on the number, nature and abundance of more common present pollen types 
(Pye 2007).
Figure 6. Different plant species: 1) Fumaria muralis and 2) Coleostephus myconis, and their pollen observed at the 
optical microscope (1a, 2a) and scanning electron microscope (1b, 2b). 
Another important feature of the pollen wall is its chemical stability (De Forest et al. 1983) 
that provides great resistance to the physical, biological and chemical degradation, being pre-
served in soils in near perfect conditions for several years (Coyle 2005). However, sometimes 
it can have altered features and it can be stained, thus hampering its identification (Marumo 
2003). A number of studies have shown that some pollen taxa are more vulnerable than 
others to decomposition. The inexistence of microbial activity helps palynomorphs persist 
more time. In well -aerated/ well -drained, microbial -active soils good preservation is much less 
than in acidic, water -logged, badly aerated soil conditions (Wiltshire 2006a). Due to their sur-
face sculpturing and static charges, pollen and spores are not easily removed from footwear 
and other objects even if they are washed in a machine. These features make them valuable 
trace evidence (Wiltshire 2009).
Pollen calendars are also an important tool in forensic palynology providing a floristic 
region survey (Mandrioli et al. 1998) because they represent, in a chronological order, the 
qualitative and quantitative spectrum of pollen present in the atmosphere of a given region. 
These pollen flows reflect the flowering period of plant species and therefore can relate a 
given sample which entails pollen with pollen calendars (Montali et al. 2006).
Airborne pollen can be sampled based on several principles and using several techniques 
(Mandrioli et al. 1998). In our case study an atmospheric monitoring (May of 2010 to April of 
2011) was performed using a Cour -type gravi -volumetric polinometer (Fig. 7).
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Figure 7. 
Cour (1974) -type gravi-volumetric 
polinometer installed in 
Oliveira do Douro, northern Portugal.
This equipment captures airborne pollen in a radius of 30 km and has two vertical gauze 
filter units fixed vertically on a wind -vane, which continually orientates the filters according to 
the wind direction. After one week of sampling, pollen analysis is performed on only one half 
of the filter unit area that is sufficiently representative of the pollen content of the atmosphere, 
the other half being retained as a duplicate. Pollen grains are removed from the filter using 
an optimized chemical protocol including destruction of the gauze, acetolysis technique and 
addition of glycerol (Cour 1974). Subsequently, the pollen residue is mounted onto micros-
cope slides in glycerol jelly and the pollen qualitative description and quantification is carried 
out with five equidistant horizontal traverses of the preparation using a light microscope, with 
a magnification of ×400. Pollen counts for each identified taxon are converted into percenta-
ges of total counts. 
However, pollen calendars cannot offer the precision required for forensic investigations 
due to the specificity and inherent variability of the seasonal records (Wiltshire 2009). Also, 
the pollen types which are prevalent in a given case depend more on the crime scene than 
on the general pollen grains widely dispersed in the atmosphere of the area. These latter 
calendars together with “crime pollen calendars” appeared to be a good tool in interpreting 
pollen from corpses when the aim was to discover the season of death (Montali et al. 2006).
Forensic palynology has been a law enforcement tool for over 50 years. It was first summa-
rized by Moore et al. (1991). The first recorded cases of palynology being used as a forensic 
tool were described by Erdtman (1969). There are many cases where palynology has suc-
cessfully helped in linking objects, people and places (Bryant and Mildenhall 1998; Horrocks 
and Walsh 1998; Mildenhall 1998; Horrocks et al. 1999; Coyle et al. 2001; Bryant and Jones 
2006; Mildenhall 2006a; Mildenhall 2006b; Wiltshire and Black 2006; Wiltshire 2006a), loca-
ting hidden human remains and provenance of objects (Brown et al. 2002; Brown 2006), esti-
mating temporal aspects of deposition remains (Szibor et al. 1998; Montali et al. 2006) and 
differentiating murder scenes from deposition sites (Bryant and Jones 2006; Wiltshire 2006b).
Palynology (spore/ pollen and sometimes acid resistant microorganisms and plant remains 
analysis) is a subdiscipline of botanical ecology and can contribute to forensic sciences by 
providing temporal and spatial information to the criminal investigator (Dawson and Hillier 
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2010) like providing evidence for contact, location of clandestinely -disposed human remains 
and graves, estimating times of bodies deposition, differentiating murder sites from deposition 
sites and providing the origin of objects and materials (Wiltshire 2009). The forensic palyno-
logical applications are almost limitless. Thus, it has been utilized in such cases as homicide, 
rape, assault, armed robbery, forgery, drug dealing, fraud (Coyle 2005), genocide, terrorism, 
arson, hit and run, counterfeiting, illegal importation and civil cases involving geopreservation, 
illegal fishing and pollution (Mildenhall et al. 2006). 
Although palynology has proved to be very useful for forensic sciences in achieving geo-
graphic sample origin or linking people with objects, places or other people (De Forest et al. 
1983), it is not frequently applied maybe because it needs intensive labour training to achieve 
the expertise and experience need and also implies a timely sample collection (Wiltshire 
2009). Care should be taken because difficulties of interpretation can arise due to the fact 
that some pollen types are transported over very large distances, they can also be transfer-
red from other surfaces and they can also be a composite pollen sample derived from the 
accumulation of pollen in a specific exposed site through a long period of time, thus being not 
representative of a single location at a single point in time (Pye 2007). There are other rea-
sons for the difficulties in considering pollen as a forensic tool beyond the lack of specialists 
to conduct forensic pollen studies: little precedence of its use, lack of knowledge about how 
to do sampling, lack of appropriate pollen research facilities, lack of adequate modern pollen 
and spore reference materials and slide collections, lack of funding and lack of experience 
from the few palynologists in testifying in court (Bryant and Jones 2006). 
The destructive character of the techniques used in palynology is considered a disadvan-
tage in cases where only a small amount of sample is available and another features are 
need to be studied. If this analysis is applied, other potentially useful information can be lost 
(Pye 2007). Therefore, it only should be carried out after non -destructive types of forensic 
analysis (Horrocks 2004).
Horrocks et al. (1999) showed that soil samples present on the sole of footwear can have 
a similar pollen assemblage compared with soil where that footwear were imprinted in the 
soil. Moreover, they demonstrated that soil samples collected from a depth of 1mm to 20mm 
did not have significant differences between them.
Riding et al. (2007) showed that the six sites that they sampled and analysed had an extre-
mely distinctive pollen/ spore association confirming the potential usefulness of palynomorph 
associations in order to establish their provenance, and hence to link people or items to a 
specific location. They also demonstrate that when mixing occurs from contact by footwear 
at different sites, their pollen/spores content profile mainly reflects that of the last site visited. 
However, comparing these contaminated samples with control ones observed some subtle 
differences (a slight increase in the diversity and small variations in certain pollen types). 
These findings lead to the critical requirement that sampling from the footwear is carried out 
as soon as possible after a crime has been committed. If several polleniferous sites are visited 
after the crime site, pollen signature will normally be diluted. Wiltshire (2006a) showed that it 
is inevitable that the pollen association taken from a shoe or boot will never perfectly match 
any specific locality because of the effectiveness of footwear at picking up pollen grains that 
remains over considerable periods of time even if the items are subsequently cleaned.
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In another study (Wiltshire 2006b) was also shown that human hair is an excellent trapping 
medium for pollen, spores and other particulates. 
Zavada et al. (2007) demonstrated that clothing fabrics (cotton, wool, polyester, silk and 
linen) are efficient passive cumulative pollen collectors showing no statistical differences 
among rates at which the five fabrics trap pollen. The pollen profiles obtained exhibit regional 
seasonal trends. This may aid forensic palynologists in determining the specific habitat and 
the time of the year that the person was present at the specific location. Mildenhall (2006b), 
based on a real case, highlighted the importance of collecting samples from different parts of 
the same garment in order to carry out the pollen analysis and get a full picture of events at 
different heights and at different parts of a garment can come into contact with different plants 
or different parts of the ground.
Montali et al. (2006) showed that pollen recovered from corpses could not be related to 
the local pollen calendars due to the degree of variability in local conditions. The environment 
and condition of death can influence the amount of pollen on corpses. Thus, discrepancies 
observed between pollen abundance on corpses and in the atmosphere were due to the 
local plant cover. However, pollen recovered from corpses could differentiate between winter/
spring, spring/summer and summer/autumn.
Wiltshire and Black (2006) presented a method for extracting pollen evidence from the 
mucosa or the surface bones of turbinates of murder victims. They described a case where 
these extractions proved to be useful in discovering the place near the victim´s grave as the 
place where he was garrotted, inhaling soil at the same time being buried.
1.2.2 Plant wax – markers
Plants survive through photosynthesis but when they die, their residues return into the soils 
beneath and subsequently decompose (Murray and Tedrow 1992a) and over time will decay 
to their constituent molecules. This decomposition is dependent on the resident decomposer 
organism communities and the physic -chemical nature of the soils (Wiltshire 2009).
The soil humic fractions comprise a variety of organic materials like complex polysac-
charides, suberin, cutin, humic acids, lipid and wax compounds, etc., (Mayes et al. 2009). 
Plant wax compounds are a complex mixture of aliphatic lipid compounds with relatively long 
carbon chains (~C20 -C60), that are present on the outer surfaces of plants (epicuticular wax) 
being produced by the growing plants (Dove and Mayes 2006; Mayes et al. 2009; Dawson 
and Hillier 2010). They are present in higher concentrations mainly on leaves and floral parts 
having lower concentrations on roots (Dawson et al. 2000; Dove and Mayes 2006). On roots, 
the n -alkanes seem to be less specific. However, the same does not happen with alcohols 
(Jansen et al. 2006). 
Although the wax compounds represent around 1% of the soil organic matter (SOM), 
they are very different between plant species and to some extent vary in the different parts 
of the same plant. They have slower turnover rates being relatively inert and resistant to 
decomposition, persisting on soil for thousands of years (Dove et al. 1996; Dove and Mayes 
2006; Dawson and Hillier 2010). Therefore, they are excellent biomarkers being more useful 
for forensic investigations compared with compounds with rapid turnover rates for example, 
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carbohydrates, proteins, nucleic acids and recognizable plant fractions (<10 years) (Mayes 
et al. 2009; Dawson and Hillier 2010). 
The lipid soil profile represents the product of synthesis, polymeric and degradative pro-
cesses on the vegetation that are determined by the soil environment (Dawson et al. 2004; 
Dawson and Hillier 2010). The relative pattern of plant wax compounds can be characteristic 
of plant species inputs to the soil, reflecting both recent and past vegetation inputs once they 
are long -lived (Mayes et al. 2009). Hence, they may be used to describe vegetation history 
of a specific area by analysis of soil strata of differing depths (Dove and Mayes 2006). They 
could provide a tool to exclude potential source sites from further consideration contributing 
to the detection of the local source of a specific unknown sample (Mayes et al. 2009). Plant 
wax markers can be analysed in plant remains to also predict species composition at the site 
where they came from (Dawson et al. 2000; Roumet et al. 2006).
The wax compounds found in soils can also have origins other than plant origins. For 
example, animals, bacteria, algae, etc., can contribute to the wax compound profile, and can 
be identified and quantified and useful for soil comparison and characterisation (Dawson and 
Hillier 2010). The study of the wax -marker signatures in recent aquatic polluted sediments 
can be used to detect the sources of water pollution (marine and fresh water). The biomarker 
types that are present in the sediments are also a reflection of the lithological nature of the 
depositional environment, the content of the oxygen dissolved and the salinity of the water 
column (Filho and Menezes 2001). Thus, in a forensic context they can be used to provide 
information about the vegetation characteristics and also about the land use of soil and for 
comparison of questioned samples (Dawson and Hillier 2010). 
Previously, care was needed in adoption of this approach because although the plant 
wax compounds are appropriate for forensics, they were difficult to characterise and analyse 
quantitatively in soil (Mayes et al. 2009). This difficulty was overcome through the use of gas 
chromatography (GC) or gas chromatography -mass spectrometry (GC -MS), although both 
are sample destructive, they can quantitatively analyse as individual compounds most of the 
plant wax components and can now work on small sample sizes (Mayes et al. 2009) (Fig. 8).
Figure 8. 
Fisons 8000 Series gas chromatograph (GC) (James Hutton Institute). 
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Prior to the GC or GC -MS use, there is a stepwise process involving solvent extraction 
and purification to separate the crude extract into the particular lipid compound classes (Dove 
and Mayes 2006). 
Prior to their use in the field of forensics, plant wax compounds had been used as bioma-
rkers in animal feeding studies, with methods being originally developed for grazing ruminant 
livestock. These applications have been described in reviews by Mayes and Dove (2000, 
2006), Dove and Mayes (2005, 2006) and  Mayes (2006).The wax compounds of dietary 
plants are little changed in the herbivore gut and are poorly absorbed, so most pass into the 
faeces. The n-alkanes have been the plant wax compounds most widely as faecal markers, 
for a range of purposes. The degree to which odd-chain alkane concentrations differ between 
diet and faeces can be used to determine diet digestibility. The faecal concentrations of an 
orally dosed even-chain n-alkane such as dotriacontane (C32) allows faecal output to be 
determined; the concurrent use of odd-chain plant alkane (as a digestibility marker) and a 
dosed even-chain alkane (as faecal output marker) enables forage intake to be quantified. 
The passage rate of material along the digestive tract can be determined by monitoring the 
temporal change in the faecal concentration of an even chain alkane marker following a single 
oral dose. The patterns of individual n-alkanes in different plants and in the faeces of grazing 
animals can be used to estimate the plant species composition of the diet. For characterising 
more complex diets, other plant wax compounds, including long-chain fatty alcohols, very 
long-chain fatty acids (C20-C34) and n-alkenes have been used in addition to n-alkanes. The 
range of application of these plant wax marker methods has been extended to non-ruminant 
livestock (pigs and horses), wild ruminants (deer and moose) and non-ruminant mammalian 
herbivores (rabbits and hares). They have also been used in feeding studies with birds (chi-
ckens, ostriches and pigeons) and reptiles (Galapagos tortoise). Wax marker compounds 
have not been restricted to dietary studies with herbivores; dietary studies have been carried 
out with insect-eating birds and bats using insect wax hydrocarbons as faecal markers. It is 
evident that wax compounds can be used as markers in dietary studies throughout the animal 
kingdom. 
Long chain hydrocarbons like n -alkanes, together with fatty acids and free and esterified 
long chain fatty alcohols are the most common studied plant wax compound classes (Dove 
and Mayes 2006; Mayes et al. 2009; Dawson and Hillier 2010), this list reflects general sta-
bility with the more stable group to the less stable respectively. The amount that is needed 
to perform and obtain reproducible results through plant wax marker analysis is one of the 
advantages of this technique as it is now very small (40mg of a low organic -matter soil and 
13mg of a soil of high organic -matter content, >20% carbon). The existence of low concen-
trations of plant wax compounds in a specific sample may indicate that it may have originated 
from a soil under little vegetative influence or from a lower soil horizon once the decreasing 
concentration of lipids with soil depth was already happened (Mayes et al. 2009). The fact 
that a series of individual compounds can be analsysed in a single chromatographic run that 
takes two days and allows the analyses of 50 samples (analysed in duplicate) per week (Dove 
and Mayes 2006; Mayes et al. 2009) and the fact that the facilities needed to perform this 
kind of analyses are normally available in most chemical/ forensic laboratories are another 
two advantages of this methodology (Roumet et al. 2006; Mayes et al. 2009).
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1.2.2.1 N – alkanes
N -alkanes are dissolved in organic solvents but they are not water soluble. Thus, the ones 
present in plant cuticular waxes prevent the loss of water. They are relatively simple acyclic 
hydrocarbons, having their constituents as carbon and hydrogen atoms (CnH2n+2) only (Filho 
and Menezes 2001). Dominant plant n -alkanes have odd carbon numbers and typically have 
high molecular height carbon chains from C21 to C37 (Dawson et al. 2004; Mayes et al. 2009), 
C27, C29, C31 and C33 being the most common to be found in terrestrial plants (Dove and Mayes 
2006; Jansen et al. 2006; Zech et al. 2010). Living beings usually do not synthesize even 
chain n -alkanes (Filho and Menezes 2001). C27 is representative of trees and shrubs while 
C31 and C33 are representative of grasses and herbs (Zech et al. 2010). Heather has higher 
C31 followed by C33 and ryegrass has higher C33 followed by C29 concentrations (Dawson et 
al. 2004). In addition different grass species can have different compositions, Cyperaceae are 
dominated by C29 (Zech et al. 2010). C29 is also more abundant where trees dominate. Fern 
spores are dominated by C27 (Zeng et al. 2009). Also, C29 can be represented more in grasses 
(Dawson et al. 2000). C35 concentrations in most herbage are very low. Conifers have low 
concentrations of n -alkanes (Dove and Mayes 2006). N -alkanes with medium molecular wei-
ght (C12 to C20) are typical of a marine organic source, being mainly algae and phytoplankton. 
Algae synthesize C15 and C17 that can also represent n -alkanes from bacteria. Bacteria also 
can present high levels of C24 to C35 (Filho and Menezes 2001). C16 to C20 are possibly found 
in microbial biomass associated with higher concentrations in roots rather than in leaves (Jan-
sen et al. 2006). Also, Filho & Menezes (2001) allege that long chain n -alkanes going up to 
C40 or C50 are representative of microbial organic matter. Lacustrine depositional and marine 
deltaic sediments present normally C22 to C25 odd chains reflecting the contributions of higher 
terrestrial plants and fresh water algae to these environments.
N -alkane concentrations in aerial plant parts (shoots or leaves) are usually less than 1.000 
mg per Kg DM, predominating alkanes C27 -C35, while in roots the concentrations are usually 
of lower magnitude (Dawson et al. 2000; Dove and Mayes 2006; Jansen et al. 2006; Roumet 
et al. 2006).
Over the last 20 years, as mentioned above, plant n -alkanes have been used as faecal 
markers to estimate the fecal output, digestibility and intake of grazed vegetation (Dove and 
Mayes 2006; Mayes et al. 2009). Analysing plant n -alkanes profiles in faeces, it is possible 
to determine the composition of a herbivore´s diet (Mayes et al. 2009) which has been useful 
in forensic case work in identifying source of faeces on footwear (personal communication, 
Dawson). 
1.2.2.2 Alcohols
Dominant plant alcohols have even carbon numbers and typically have carbon chains from 
C20 to C34 being the C22, C24, C26, C28 and C30 the most common to be found (Dove and Mayes 
2006; Mayes et al. 2009). 1 -C26 -OH and 1 -C28 -OH are the predominant alcohols in grasses 
with 1 -C26 -OH being substantially found in legumes. 1 -C30 -OH concentrations are mainly 
found in legumes although, not exclusively (Dove and Mayes 2006). An exception occurs 
with gymnosperms that have high concentrations of odd -chain, mainly 10 -nonacosanol (C29) 
in their leaf wax (Dove and Mayes 2006; Mayes et al. 2009). High concentrations of this 
secondary alcohol are likely found only in gymnosperms (Dove and Mayes 2006). <C20 can 
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derivate from microbial origin once they are found with higher concentrations in roots rather 
than in leaves (Jansen et al. 2006). 
Long -chain alcohol concentrations in aerial parts usually have concentrations of several 
thousand mg per Kg DM (Dove and Mayes 2006; Jansen et al. 2006). These concentrations 
are much higher than those of hydrocarbons, and can show great differences in composition 
between species. Their analysis has been particularly useful in the discrimination of a greater 
number of species in the diet of free -ranging mammalian herbivores. They may be of parti-
cular value for estimating animal diets which contain plants with low alkane concentrations. 
Their use as additional markers (together with n -alkanes) offers the potential for more com-
plex diets to be evaluated (Dove and Mayes 2006).
Dove et al. (1996) analysed six different plants harvested and dissected into their compo-
nent parts on a weekly sampling regime, and showed that for the individual alkanes C25 -C33, 
differences between species accounted for 85% of the total variance in n -alkane concen-
tration. Moreover, the greatest similarities in the pattern of alkane concentrations occurred 
either between plant parts within a species or between the same plant parts in closely related 
species. However, despite these similarities, it would be possible to distinguish both plant 
species and plant parts in mixtures of these components. A decline of alkane concentrations 
was observed in Lucerne stem fractions of progressively increasing age.
Dawson et al. (2000) and Roumet et al. (2006) shown the use of plant wax alkanes and 
fatty alcohols to determine species composition based within root mixtures. This can be used 
for a better understanding of allocation patterns and competitive interactions in mixed plant 
species communities. The last authors showed that n -alkane concentrations in roots are diffe-
rent from those in shoots. Thus, values from shoots cannot be used to predict the composi-
tion in roots. In their study, n -alkanes analysis proved to have great potential to quantify the 
species composition of the root biomass beneath mixed pasture species while in the former 
study, the determination of alcohols is sufficient and better on its own to predict the proportion 
of species in root mass mixtures. Based on n -alkane and alcohol data combined, only slightly 
increased the predictions.
Jansen et al. (2006) analysing soil and peat bogs, found that combined n -alkane and 
n -alcohol composition from leaves are sufficient, between other straight -chain lipids, to dis-
criminate various plant species. The straight -chain lipids concentrations extracted from roots 
were much low and in many cases less specific than the ones found on leaves. 
Mayes et al. (2009) demonstrated the potential of plant wax markers in discriminating 
patches of soil at a scale relevant to forensic evaluative comparison. Both n -alkane and fatty 
alcohols profiles in garden soils were generally specific to the individual planting bed discrimi-
nating them one another (local -scale). Similarities of n -alkane and fatty alcohol profiles were 
found within each planting bed.
1.3 Light element stable isotope analysis
When the Earth was formed the isotope abundance of all elements was fixed and, on a global 
scale, they have not changed since. However, compartmental isotope abundance of light ele-
ments is not fixed and it is in a continuous state of flux due to mass discriminatory effects of 
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biological, biochemical, chemical and physical processes (Meier -Augenstein 2010). In Earth 
sciences, light elements are those having an atomic number lower than eleven. Hydrogen, 
carbon, nitrogen, oxygen and sulphur are light isotopes, usually of greatest interest in soil stu-
dies, which possess two or more stable isotopes which do not suffer radioactive decay (Pye 
2007). The different forms of the same stable isotope share the same number of nuclear pro-
tons and surrounding electrons, but have a different number of nuclear neutrons. They share 
the same chemical character but have different atomic mass (sum of protons and neutrons) 
in their nucleus. Different isotopes of the same chemical element are in practice denoted by 
atomic mass and chemical symbol (Meier -Augenstein 2010).
Analysis of isotopes can evaluate inorganic and organic contribution to soil components. 
Stable isotope ratio mass spectrometry (IRMS) (Fig. 9) is an additional technique that can be 
used to test a given hypothesis and it is able to individualize a range of materials of forensic 
interest (Benson et al. 2006). 
Figure 9. 
Flash EA 1112 Series Elemental Analyser connected via a Conflo III to a 
DeltaPlus XP isotope ratio mass spectrometer (James Hutton Institute).
Light isotope analyses have been applied in relation to criminal forensic investigations as a 
mean of comparing material samples (Croft and Pye 2003; Croft and Pye 2004b; Reidy et al. 
2005; Pye et al. 2006a; Pye 2007). Until then, it had many applications related to environmental 
forensic issues (Slater 2003), as applied to questions of commercial product and food and drink 
authenticity (Koziet et al. 1993; Bowen et al. 2005; Pye 2007), to studies of human and animal 
hair, nails, bone and teeth related with human provenance and diet (Bol and Pflieger 2002; 
Pye 2004; Fraser et al. 2006; Wakelin et al. 2008), to drug quality and sourcing (Ehleringer et 
al. 1999; Ehleringer et al. 2000; Jasper et al. 2004; Shibuya et al. 2006; Wakelin et al. 2008), 
to man -made fibres and to explosives and various arson -related chemicals (Croft and Pye 
2004b; Wakelin et al. 2008; Meier -Augenstein 2010).
1.3.1 Carbon isotopes
Carbon is one of the most abundant elements on the planet (Croft and Pye 2004b). It can be 
found in a variety of forms such as the native element in graphite and diamond, in reduced 
form, in organic compounds and coal and also in an oxidized form as carbon dioxide, aqueous 
carbonate ions and carbonate minerals (Faure 1986; Croft and Pye 2004b).
The two stable carbon isotopes are 12C (comprising 98.89% of natural occurrence) and 
13C (comprising 1.11%) and their ratio (13C/ 12C) is used in stable carbon isotope analysis 
(Boutton 1991a; Croft and Pye 2004b; Pye and Croft 2004a). Ratios are usually determined 
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by mass spectrometry (Pye 2007). The carbon isotope ratio reflects the relative abundance 
of the two stable isotopes although, the quantity measured is not the absolute isotope ratio, 
but the relative difference between the isotope ratios of the sample and standard gases. 
Thus, a differential notation known as the delta (δ) notation (McKinney et al. 1950) has been 
adopted to express relative differences in stable carbon isotope ratios between samples and 
standards (Boutton 1991a). As agreed internationally, δ13C are always expressed relative to 
a calcium carbonate standard known as Peedee Formation belemnite (PDB), a limestone 
fossil of Belemnitella americana from the Cretaceous Pee Dee Formation in South Carolina 
(Craig 1957; Boutton 1991a; Croft and Pye 2004b; Pye and Croft 2004a). PDB carbon ratio 
is considered on the basis of the PDB scale and it has been assigned a δ13C value of 0‰. 
However, its absolute 13C/ 12C ratio is 0.0112372 (Craig 1957; Boutton 1991a). Ratio values 
from samples are compared to this standard value (0‰) (Pye 2007). The sign of the δ13C 
sample value indicates whether the sample has a higher or lower 13C/ 12C ratio than PDB 
being in this way enriched or depleted in 13C (Boutton 1991a). Ratios vary slightly in natural 
materials and are expressed in parts per mil/ thousand (‰) (Boutton 1991a; Croft and Pye 
2004b; Pye and Croft 2004a; Meier -Augenstein 2010). In fact, stable carbon isotope ratios 
of most natural materials of biological interest, range from approximately 0 to  -110% versus 
PDB (Boutton 1991b). The PDB standard is no longer available, but other standards have 
been calibrated against PDB allowing researchers to continue reporting results relatively to 
that value. In isotopic mass calculations, atom % is also frequently used to express isotopic 
enrichment in samples highly enriched in 13C (Boutton 1991a).
Most of the natural isotopic variation of interest to biologists results from carbon isotope 
fractionation during photosynthesis (Farquhar et al. 1989; Boutton 1991b). Isotopic fractiona-
tion is any process that changes the relative abundances of stable isotopes of an element 
(Benson et al. 2006). Most chemical and biochemical processes promote the initial incorpora-
tion of the lighter isotope in the product, leaving the substrate enriched in the heavy isotope. 
The isotopic fractionation is this partitioning of isotopes in reactions (Hobbie and Werner 
2004). Plants do the conversion of carbon dioxide to carbohydrates using different enzymes 
and producing discriminatory fractionation because 13C (heavier molecules) passes into the 
leaf structure more slowly than 12C (lighter molecules) (Croft and Pye 2004b). Isotopically 
fractionating processes therefore result in variation in the isotopic ratios between substrate 
and product (Hobbie and Werner 2004). These processes can be affected by air temperature, 
humidity, soil moisture and the presence of bacteria (Croft and Pye 2004b). 
Terrestrial plants can be divided into three major photosynthetic types, each with unique 
carbon isotope fractionation patterns (Boutton 1991b). Surface soils normally have a signifi-
cant 13C input by plants doing photosynthesis in C3 (e.g. wheat, rye, oaks and beech), in C4 
(e.g. maize, sugar cane, sorghum and millet) and in CAM (succulents and epiphytes) (Croft 
and Pye 2004b; Meier -Augenstein 2010). The C4 pathway is an adaptation to conserve water 
and reduce photorespiration in dry climates (Hobbie and Werner 2004). 
Plants with a C3 pathway of photosynthesis reduce atmospheric CO2 to phosphoglycerate 
(3 -C compound), via the enzyme RuBP carboxylase while plants with C4 pathway reduce 
atmospheric CO2 to aspartic or malic acid (4 -C compounds) via the enzyme PEP carboxylase. 
Plants with a CAM pathway can minimize water loss through the fixation of CO2 during night 
via the enzyme PEP carboxylase (Boutton 1991b).
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Most terrestrial species are C3 plants. All forest communities and most temperate zones 
are dominated by C3 species. However, C4 and CAM plants are more common in warm, arid, 
or semiarid environments (Osmond et al. 1982; Boutton 1991b).
δ13C values are generally in the range  -23 to  -27‰ in C3 plants or in the range  -11 
to  -15‰ in C4 and CAM plants (Craig 1957; Croft and Pye 2004b). These differences are due 
to their different photosynthetic pathways for carbon assimilation and fixation and different 
transpiration rates and mechanisms (Croft and Pye 2004b). C4 and CAM plants can be distin-
guished using hydrogen isotopes (Craig 1957; Croft and Pye 2004b). Meir -Augenstein (2010) 
reported a mean δ13C value of about  -28‰ for C3 plant leaves and  -13‰ for C4 plant leaves.
Atmospheric CO2 is the major link between inorganic and organic portions of the global 
carbon cycle and between terrestrial and marine ecosystems (Golubić et al. 1979; Boutton 
1991b). Considering that both plant types utilize atmospheric CO2 with a δ13C value of  -8‰ 
for glucose production, the values presented above reflect an isotopic fraction of  -5‰ for C4 
cycle and  -20‰ for C3 cycle (Fry 2007; Meier -Augenstein 2010).
Plants which grow in water (aquatic plants) incorporate CO2 which is dissolved in water. 
This dissolution process depends on the pH of the water. In seawater under an alkaline pH 
(about 8) over 99% of the CO2 dissolved is present in the form of HCO3 -. Thus, oceans contain 
about 50 times more CO2 than the atmosphere (Meier -Augenstein 2010). Seawater δ13C value 
is about +1‰ reflecting an isotopic fractionation of +9‰ against atmospheric CO2. Fixation of 
seawater CO2 results in marine particulate organic matter (POM) where δ13C value is about 
 -22‰ displaying a fractionation of  -23‰. Around the continental margins, the marine environ-
ment is more complicated due to the contribution of other carbon sources beyond plankton 
(Boutton 1991b). For example, macro -algae and sea grasses have a higher content of 13C 
being the δ13C mean value around  -15‰ and  -10‰, respectively (Fry and Sherr 1989; Boutton 
1991b). There are also C3 and C4 salt marsh plants contributing δ13C values for sediments 
in near -shore environments which will depend on all of these contributors (Boutton 1991b). 
On the other hand, freshwater lakes have a pH about 6 and under these conditions dis-
solved CO2 is a mixture of H2CO3 and HCO3 -. The δ13C value in freshwater is about  -15‰ 
reflecting an isotopic fractioning of +9‰ against atmospheric CO2. Freshwater POM exhi-
bits a δ13C value about  -35‰ reflecting an isotopic fractionation of  -20% (Meier -Augenstein 
2010). Terrestrial vegetation surrounding lakes and rivers are mainly C3 plants. Sediments in 
both environments have δ13C values typically between  -30 to  -26‰ (Stuiver 1975; Håkans-
son 1985; Boutton 1991b). The existence of pollutants in any aquatic system is capable of 
influencing the isotopic compositions of sediments (Calder and Parker 1968; Boutton 1991b). 
These δ13C values in different ecosystems are useful in identifying sources of carbon con-
tributing to soil organic matter or sediments (Boutton 1991b). Knowing the δ13C soil sample 
values, different ecosystems might be expected as their sources once variations in δ13C are 
characteristic of specific plant groups (Croft and Pye 2004b). Work by Eley et al. (2014) illus-
trated how different functional types could also be discriminated by differences in the 2H/ 1H 
composition of leaf wax lipids. 
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1.4 “Unique”/”Exotic” particles
Some soils also have strange materials (natural or man introduced) that are not expected, 
being detected to the optical microscopy. These materials are called “unique” particles or rare/ 
unusual components (e.g. fibres, plastics, glass, metals, paint, seeds, leaves, microalgae, 
insect parts, feathers and miscellaneous animal particulates, wood and paper fibres, gunshot-
-residue particles, etc.). As they are considered outsiders, they can perfectly and easily con-
tribute to the quick link or unlink expected (De Forest et al. 1983; Sugita and Marumo 2004; 
Dawson and Hillier 2010). When they are found in soil evidence, more precise and rapid 
discrimination can be achieved, even if the amount of evidence recovered is small (Sugita and 
Marumo 2004). Therefore, they should be removed and preserved separately to be further 
examined (Marumo 2003). Useful information about the origin of the soil can also be given 
by the “unique” particles (Sugita and Marumo 2004). Usually, they have an anthropogenic 
origin, and can be very important evidence as presented in the courtroom context. However, 
these exotic components may be purely descriptive in nature and not at all exclusionary or 
diagnostic due to their common form. Care has to be taken in order to avoid false -negative 
exclusion since they can on occasion be found in low concentrations and have the risk that 
they are probably not encountered in two samples derived from the same site (Morgan and 
Bull 2006; Morgan and Bull 2007b). Too much reliance must not be placed on unique types of 
material, as both prosecution and defence can use the information in both sides of the legal 
argument (Morgan and Bull 2006).
Sugita and Marumo (2004) illustrated the utility of some “unique” particles within Japanese 
soil such as volcanic glasses and rock fragments, inclusions, zeolites, plant fragments, epi-
dermis of leaves and seed coats from beans, plant opals and microalgae, in relation to some 
forensic cases such as murder, kidnapping, illegally dumping of industrial waste and arson.
Mildenhall (2006b) testified a case with fungal hyphae in the pollen pores of a common 
New Zealand plant. This observation was relevant to establish the link between specific parts 
of the body of a raped victim, her clothing and the place where the event had taken place.
2. Sample collection and handling
The significance of soil identification depends ultimately on the quality of sample collection. 
The collection of control samples has to be performed correctly so as not to cause wrong 
judgments (Marumo 2003). Sample number and spatial distribution are critical to obtain the 
best comparison between a given soil and one at a crime scene (McKinley and Ruffell 2007). 
Control soil samples are normally taken from a site where a crime is suspected to have been 
committed or from where a suspect or victim lives or works. They are collected with the 
purpose of providing a baseline data record for later comparison with data recovered from 
items of forensic interest (Lynne et al. 2005). They should be collected at a larger scale first 
(Dawson and Hillier 2010) mainly if heterogeneity at the scene is observed (McKinley and 
Ruffell 2007). However, results from the measurements can suggest the collection of samples 
at a more reduced scale (Dawson and Hillier 2010). If the seizure of suspect or questioned 
samples is obtained first, a trained expert should satisfactory test the existence of comparable 
material adapting the place and the size of the grid of the control samples collection. Even 
prior to seizure the control sample collection should be intelligence -led, taking into account 
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witness reports, tyre and/or footwear marks and other visual information like vegetation wind-
breaks that give clues about the modus operandi of the suspect (McKinley and Ruffell 2007).
Considering trace/ transfer evidence, its location should be thoroughly documented when 
it is seen or found, using if possible a GPS system, it should be collect into a proper packa-
ging depending on the type of evidence (e.g. glass vials, plastic bags and appropriate papers 
made into druggist folds) and subsequently forwarded to the laboratory to which rapport 
between it and the investigator should be happening (De Forest et al. 1983). 
From vehicles, questioned soil samples can be collected from tires, the internal carpet, 
seats, mud flaps, fenders, number plates, radiators, air cleaners and the car body. The col-
lection of questioned samples from footwear is especially useful if they have patterned soles, 
stitched leather or vinyl pieces. Looking for evidence on clothes is also useful when a person 
had been in contact with soil at the crime scene or when the clothing had brushed against 
flowering plants which actively releasing pollen. Clothing with loose fibres (e.g. wool, polyes-
ter, raw cotton) is the most efficient pollen trap. Fibres from rope, carpets, fur, animal and 
human air, under fingernails and packing materials (e.g. shredded paper, straw, cardboard) 
can also act as natural evidence traps (Coyle 2005). 
Evidence can be obtained from a wide range of places. To collect them, there are seve-
ral different methods that should be selected according to the location of the evidence, the 
nature and the condition of the article to which the traces are adhering. Also, the presence 
or absence of other evidence and its nature and condition, the type of crime being inves-
tigated, the relationship of the trace evidence to the reconstruction of the events and, any 
other special factors or circumstances affecting the scene or the investigation. The collection 
methods that are normally executed are visual inspection and collection, the use of tape lifts 
and occasionally vacuuming and packaging. When investigators have no experience or when 
there is no obvious evidence the garment should be submitted without prior sampling to the 
specialist laboratory (De Forest et al. 1983). Once sealed, samples should not be opened until 
they are ready to be examined by a specialist in a controlled forensic laboratory. It should be 
remembered that tape lifts and vacuuming will also remove some microscopic debris. Howe-
ver, washing is the most effective method to remove all dust and other microscopic particles 
(Coyle 2005). Pieces of ‘clean’ fabric can also be taken as blank samples for control analysis.
In forensic analysis it is convenient to leave half of the sample untouched preventing the 
necessity of doing some other specific analyses or repeat analyses such as by the defence 
(Morgan and Bull 2007b). Under ideal circumstances samples should be analysed as repli-
cate preparations. However, with questioned samples this is not always possible because of 
their small size and in this situation it is preferable to use different and complementary tech-
niques instead of repetitions of the same technique (Pye et al. 2006b). 
Storage of samples should be undertaken with great care. Preferably, dry samples should 
be stored in a secure evidence storage room while damp soils should be frozen to prevent 
any bacterial, fungal and other biological activity. Damp clothes should be automatically dried 
in special sterile drying ovens and damp vegetation should be put into paper bags and dried 
at room temperature. Plant leaves, flowers and other plant material should be kept between 
dry sheets in a botanical field press (e.g. newspaper). Once dried, they can be used for identi-
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fication, DNA analysis or other purposes. In this state, samples can be kept almost indefinitely 
and certainly within the time frame of any case going to court (Mildenhall et al. 2006).
When analysing samples for forensic purposes, it is difficult to ascertain the adequate 
methodologies to use in each context within the conditions available. So, normally the sam-
ples are initially sub -sampled, visually examined and the non -destructive methodologies are 
first applied (Dawson and Hillier 2010). Forensic soil samples have often a trace amount 
present, thus ruling out the use of destructive techniques (Morgan and Bull 2007b), while non-
-destructive techniques may leave the sample available for additional analyses (Manrong et 
al. 2009). Initial macroscopic visual observation is important as notable differences between 
questioned and control samples means that it is likely that there have been different sources, 
suggesting that there is no need to perform any kind of further analysis. Afterwards, simple 
and rapid screening methods are claimed to have success in characterisation of a wide range 
of samples (Marumo 2003). Generally, greater the number of characteristics which can be 
used for comparison the greater the confidence which can be placed in any apparent simila-
rity (Pye 2007). Furthermore, if multiple methods are applied and return the same results, or 
if one method provides supporting evidence for another, the results of any investigation are 
easier to be presented in court.
3. Databases
Soils should be studied and characterised in as much detail as possible in order to compile 
all of the information obtained in searchable forensic databases of samples that are well-
-referenced (Dawson and Hillier 2010). A soil database can be defined as a structured set of 
data that can be used for purposes of reference, comparison or interrogation (Saye and Pye 
2004). The importance of the database construction is invaluable and should be fully unders-
tood once it provides useful information to assist police search investigations and gives con-
textual information helping with the evaluation of soil evidences that are done in courts (Daw-
son and Hillier 2010). However, the utility of the information contained on such maps varies 
greatly, depending on the scale of the map, the date and reliability of the survey, if the data 
are from the bedrock and if surface deposits are indicated. Map scales of 1:50.000, 1:100.000 
or 1:250.000 are usually of greatest utility once most forensic investigations relate to local, 
regional and national scales (Pye 2007). The existence of soil databases increases the pro-
babilities of soil ‘matching’, providing additional information about the likely origin, assisting in 
the elimination of land areas or limiting areas of search targeting police resources to certain 
geographic areas (Ruffell and McKinley 2005; Dawson and Hillier 2010). Databases provide 
a useful tool to screen samples and identify locations in which more detailed sampling and 
analysis should be undertaken (Saye and Pye 2004). A prerequisite for any database must be 
to establish adequate inter laboratory reproducibility once analytical measurements are made 
in one location and results should be consistent with those analysed elsewhere (Carter et al. 
2009). The methods adopted have to provide accurate results so that there is confidence that 
the databases are populated with valid data (Wakelin et al. 2008). The construction of data-
bases has already been started around the world (McKinley 2013), for example in England 
and Wales (McGrath and Loveland 1992; Saye and Pye 2004; Pye and Blott 2009), Scotland 
(Dawson 2013a; Dawson 2013b), Northern Ireland (Jordan et al. 2000; Nice 2010), Canada 
(Coote and MacDonald 2000), USA (Menchaca et al. 2007), Japan (Hiraoka 1994), Northern 
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Europe (Calder and Parker 1968), Denmark (Saye and Pye 2006; Saye et al. 2006) and Por-
tugal (Guedes et al. 2011b; Guedes et al. 2013a). The utility of a Japan database based on 
trace elements and a geochemical survey map of soils was already tested having matches 
of 71% (Hiraoka 1994). The development of a coastal dune sediment database for England 
and Wales was already useful in determining the places were some body parts were buried 
and was also useful for the exoneration of a suspect for committing eco -vandalism (Saye and 
Pye 2004). The Tellus dataset and the digital map from the Northern Ireland database (Nice 
2010) proved to be useful in providing locations for law enforcement to search to locate the 
illegal waste dump as discussed by Ruffell and Dawson (2009) (McKinley 2013).
Most of the soils were collected originally for other purposes by agricultural and envi-
ronmental organizations, having a wide range of applications (Dawson and Hillier 2010). 
Afterwards, they were extended to forensic utilities helping in the resolution of serious crimes. 
The creation of these datasets is also useful and has great potential in applying and testing 
of soil forensic methods. 
It is also important to have pollen/ spore database as such a reference should be used for 
field expertise and application in search. This is very profitable once it has been shown that 
even areas in the same geographic region and with similar vegetation have different pollen 
assemblages (similar pollen but with different abundances) (Guedes et al. 2011b).
4. Soil evidence as presented in courts
It has to be borne in mind that the soil studies that are used as evidence in courts supporting 
legal arguments should have a high standard and the levels of uncertainty must be acknow-
ledged and minimized (Dawson and Hillier 2010). In order to achieve those features, analyses 
should be carried out in accredited laboratories through accredited methods and should be 
statistically or generally interpreted by relevant experts (Isphording 2004; Dawson and Hillier 
2010). The collection of representative samples from the suspect/ victim, objects or the scene/ 
exclusion sites should be guaranteed as only by doing so does it leads the team to have 
meaningful information and thus avoiding incorrect conclusions and subsequent decisions. 
Much importance should be given to the minimization of laboratory risks, cross -sample and 
ambient contamination. Statistical tests, available to support and confirm interpretations of 
investigations in the field and in the laboratory, should be done by professionals who are 
knowledgeable in statistical analyses and who understand if the results have a meaningful 
statistical significance. Furthermore, results that are presented to the court should be the 
same regardless of whether the expert is working for the prosecution or for the defence (Mor-
gan and Bull 2007b). The duty of an expert witness is after all to the court. They should also 
be presented in a format that can be understood by judges and juries so that those individuals 
can assess the value of the evidence (Mildenhall et al. 2006). 
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5. Limitations/ Precautions
Despite many efforts, it is still likely that most questioned samples derived from suspects/ 
victims clothes or footwear, objects or vehicles will be of a small size and therefore not neces-
sarily representative of its source. They can have lost some components or can also have 
captured other ones in transferences that can have occurred pre-, syn- and post- the forensic 
event (Morgan and Bull 2007b). For example, Croft and Pye (2004a) showed that the primary 
transfer of soil to footwear is, to a variable extent, grain size selective and likely to be variable 
depending on the properties and constituents of the source soil at the time of transfer, the 
nature of the contact involved and of the item making contact. The analyses done through 
the use of techniques that require homogenized samples can lead to false -negative/ positive 
interpretations since they are not able to identify where soil mixing from different sources has 
occurred (Morgan and Bull 2007b; Bull et al. 2008). Taking into account this issue, sometimes 
there may be no point in comparing a mixture sample with a single source control sample. 
Prior to any type of instrumental analysis, a visual or microscopic examination should be 
undertaken in order to analyse the physical form of the soil material, the nature of any laye-
ring, colour variation and textural variation present (Pye and Blott 2008). Independent ways of 
investigating should also be attempted to grant samples associations or exclusions (Morgan 
and Bull 2006). Complementarity of analytical approaches should be considered (Carvalho 
et al. 2013). Knowledge about the timeframes of persistence of different types of particular 
material is also worth it to be known (Morgan and Bull 2007b). 
Against all the limitations discussed above, a continuous development of techniques is 
carried out by scientists, allowing them to be further ahead in developments than is in the 
mind of criminals (Dawson and Hillier 2010). The actual broader range of geological techni-
ques applied to soil studies, the increase in numbers of soil and geoforensic review papers 
published in major international forensic journals and the recent increase in geo forensic 
scientific meetings worldwide show how geoforensic science has evolved and has now led to 
the success of its application in helping with the resolution of forensic criminal or civil cases 
(Marumo 2003).
3332
PART II – AIMS OF THE THESIS
3534
3534
PART II - AIMS OF THE THESIS
The main objective of this study was to test the application of geological and palynological 
methods in the characterization of two river beaches (≈3.5 km apart) located on the left Douro 
River bank in Vila Nova de Gaia, near Porto (the second biggest city in Portugal) which could 
potentially be used for forensic investigations. Therefore, several physical -chemical and bio-
logical properties of the sediments (particle size distribution, colour, magnetic susceptibility, 
heavy minerals, major and trace elements, pollen content, plant wax -markers: n -alkanes and 
alcohols, and carbon isotopes) were studied. Also, the capacity of these properties to discri-
minate samples and sites in the same geographical area was investigated. 
Additionally, we aim to evaluate spatial and temporal variation of the different properties of 
sediments, which are important in the establishment of their evidential value in future forensic 
studies and investigations.
Finally, the results will be compiled into a database with the geological, chemical and 
biological characteristics of the sediments from river beaches that can potentially be used in 
both criminal and environmental forensic cases in the future.

PART III – ORIGINAL RESEARCH
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This section presents a detailed description of the experimental protocols, the results and 
their statistical treatment, as well as the discussion of the data within each experimental work, 
in the form of the publications that were originated or the manuscripts that were submitted for 
publication in peer-reviewed international journals listed in the Journal Citation Reports of the 
ISI Web of Knowledge. Four different studies are presented:
Chapter I. Geological and palynological characterization of a river beach in Portugal 
for forensic purposes. Reprinted from Environmental and Criminal Geoforensics, Geo-
logical Society, Special Publications, London, 384, pp. 87–95. Copyrigth (2013) with kind 
permission of The Geological Society of London.
Chapter II. Organic matter characterization of sediments in two river beaches from 
northern Portugal for forensic application. Reprinted from Forensic Science Internatio-
nal 233: 403-415.Copyrigth (2013) with kind permission of Elsevier Ireland Ltd.
Chapter III. Geochemical characterization of two river beaches from the Douro River, 
Portugal, for forensic purposes. Submitted to Environmenal Forensics.
Chapter IV. Physical-chemical characterization of two river beaches from Douro 
estuary (Portugal) for environmental and forensic investigations. Submitted to Science 
and Justice.
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Chapter I. Geological and palynological characterization of a river beach in Portugal 
for forensic purposes.
Reprinted from Environmental and Criminal Geoforensics, Geological Society, Special Publi-
cations, London, 384, pp. 87–95. Copyrigth (2013) with kind permission of The Geological 
Society of London. 
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Geological and palynological characterization of a river beach in
Portugal for forensic purposes
A´UREA CARVALHO1, HELENA RIBEIRO1, ALEXANDRA GUEDES2,
ILDA ABREU3 & FERNANDO NORONHA1*
1Centro de Geologia da Universidade do Porto (CGUP), Faculdade de Cieˆncias, Universidade
do Porto, Rua do Campo Alegre 687, 4169-007 Porto, Portugal
2CGUP e Departamento de Geocieˆncias, Ambiente e Ordenamento do Territo´rio, Faculdade de
Cieˆncias, Universidade do Porto, Rua do Campo Alegre s/n, 4169-007 Porto, Portugal
3CGUP e Departamento de Biologia, Faculdade de Cieˆncias, Universidade do Porto, Rua do
Campo Alegre s/n, 4169-007 Porto, Portugal
*Corresponding author (e-mail: fmnoronh@fc.up.pt)
Abstract: Currently, it is important to use a combination of independent analytical techniques
in order to reliably characterize between different samples of geological trace evidence in
criminal investigations. Areı´nho beach, in the town of Vila Nova de Gaia (northern Portugal), is
located on the southern bank of the Douro River. Although isolated, it is a very busy area
during the summer and other seasons due to its popular water sports. The geology of the area is
complex, with numerous different outcrops. In addition, there is a considerable variety of veg-
etation in the region, and many materials are transported by the Douro River and deposited in
the area.
In order to characterize this beach for forensic purposes (both criminal and environmental), sedi-
ment samples were collected and analysed using a combination of geological techniques, namely
colour, particle size distribution and mineralogy. These geological techniques were combined with
a palynological assessment of the sediment samples. In addition, the surrounding vegetation was
characterized and seasonal vegetation surveys were carried out.
In this study, the results obtained revealed homogeneous data throughout the profile in all the
properties analysed. This research demonstrated that the combination of different, independent
techniques used to characterize sediments from this river beach has the potential to contribute sub-
stantially to future forensic investigations.
Geology and palynology can be useful in forensic
investigations, and are currently used by forensic
laboratories in many countries, providing important
contributions to the evidence-based decisionmaking
in courts. These two independent fields have a
complementary nature and can provide information
that is useful in forensic investigations, especially
for the comparison of geological and biological
material occurring as evidence that can be used to
associate a victim and/or suspect with a crime
scene (Erdtman 1969; Murray & Tedrow 1986).
Forensic geology includes the analysis of soils and
other geologically related materials, which typically
consist of both organic and inorganic materials.
Forensic soil analysis commonly involves com-
parison of both bulk properties and certain soil com-
ponents, including colour, grain size distribution,
mineralogy and bulk chemistry. Palynology deals
with the study of palynomorphs, and can contribute
to forensic soil analysis by providing temporal and
spatial information, as many plants produce large
quantities of pollen that are dispersed and can
adhere to a variety of surfaces, including those
with natural, artificial and human origins. Pollen
assemblages differ from region to region (Faegri
& Iversen 1989; Reille 1992), making it possible
to compare an unknown sample containing pollen
with pollen data obtained from a potential source
region. So, forensic pollen analysis can provide
information about whether a crime occurred at
the location where the victim was found and/or
associate a suspect with a crime scene (Milne et al.
2004).
Practices and procedures similar to those used in
geological and palynological research are used in
forensic investigations. However, it is important to
optimize and adapt protocols to ensure that they
are appropriate for forensic scenarios. Their use is
essential for providing evidence that can stand up
to scrutiny in a court of law.
The Centro de Geologia da Universidade do
Porto (CGUP) is currently active in the development
From: Pirrie, D., Ruffell, A. & Dawson, L. A. (eds) 2013. Environmental and Criminal Geoforensics.
Geological Society, London, Special Publications, 384, 87–95.
First published online May 16, 2013, http://dx.doi.org/10.1144/SP384.3
# The Geological Society of London 2013. Publishing disclaimer: www.geolsoc.org.uk/pub_ethics
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and implementation of geological and palynologi-
cal methods that are appropriate for forensic sci-
ence, paving the way for additional research in
this area in Portugal (Guedes et al. 2009, 2011).
The primary objectives of this work are to develop
scientific protocols that are useful in forensic inves-
tigations, to collect data that provide a basis for
interpretation of forensic soil analysis and to com-
plement existing projects in CGUP by further
characterizing the geology of the Portuguese ter-
ritory. While many geological materials, including
soils, are currently used as evidence in criminal
cases in Portugal, additional work is still needed to
determine which properties of geological materials
are most relevant for forensic comparisons, what
analytical techniques, methods and protocols are
most appropriate for the analysis of soils in crimi-
nal cases, and to build databases that can support
forensic investigations involving soil and other
geological materials.
In this context, we aimed to characterize a
portion of a river beach that is surrounded by a
wooded area. Of specific interest are variations in
geological and botanical materials along a transect
perpendicular to the river bank. The data presented
here are the results of a combined geological and
palynological characterization of soil samples,
specifically soil colour, particle size distribution,
mineralogy and pollen content.
The location selected for sampling is a river
beach located in northern Portugal, on the southern
bank of the Douro River in Oliveira do Douro, Vila
Nova de Gaia, near Porto (the second largest city in
Portugal). This beach has the standard features
typical of most river beaches and it is located in a
geological environment that is distinct from that in
other locations in the Porto area, marked by the
nearby occurrence of several different lithologies.
The surrounding vegetation is also diverse. The
beach is in a secluded location near an area that is
a popular destination for water sports, especially
during the summer bathing season. This makes it a
potential location for the commission of suicides,
homicides or for the occurrence of accidental
deaths.
Materials and methods
Sample collection and handling
The sampling was performed in the spring of 2009.
Samples were collected from eight locations, each
15 m apart, along a transect perpendicular to the
river bank. At each sampling location, three sam-
ples were collected from the corners of a triangular
array, 1 m apart. This sampling procedure was
designed to produce representative samples in
order to reliably compare the accuracy of different
instrumental techniques (Fig. 1). The samples
were manually collected from a depth of less than
5 cm using a plastic spade that was thoroughly
cleaned between each sample. In the laboratory,
the samples were dried at 408C, homogenized and
subsequently split for several analyses. A plant
survey of the river beach was also performed during
the sampling period.
The surrounding geology is characterized by
several distinct lithologies, the most important of
which are the Porto two-mica granite, migmatites,
gneisses, schists and metagreywackes of the Com-
plexo Xisto-grauva´quico. An attempt was made to
assess the contributions of each of these parent
rocks to the mineralogy of the beach sediments.
Fig. 1. Sampling profile of the Oliveira do Douro river beach.
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Colour analysis
Colour analysis was carried out on dried unsieved
bulk samples. The samples were homogenized and
placed in a standard glass Petri dish, and four
colour measurements were taken for each sample.
Guedes et al. (2009) demonstrated that this method-
ology enables greater discrimination between
sediment samples than measurements performed on
other fractions or with other pre-treatment methods.
Colour measurements were performed using a
Konica Minolta CM-2600d spectrophotometer
programmed with the following settings: measure-
ment area of 0.8 mm diameter; specular component
included; CIE Standard Illuminant D65 representing
average daylight with a correlated colour tempera-
ture of approximately 6504 K, including the ultra-
violet wavelength region; and CIE 1964 Standard
Observer (108 Observer). The spectrophotometer
was calibrated prior to and during the sample
measurements to take into account the influence of
daylight variation. Negative calibration was per-
formed by directing the apparatus-measuring port
into the air while positive calibration was performed
with an international standard white calibration
plate. The recorded colour parameters correspond
to the uniform colour space CIELAB (or CIE
L* a*b*, where L* is lightness, a* represents the
red/green axis and b* represents the yellow/blue
axis) and were directly computed by the spectropho-
tometer using the SpectraMagic NX software. The
results were analysed statistically by SPSS Statistics
18, and the reproducibility within and between
samples was evaluated using the coefficient of
variation (CV).
Particle size distribution
Samples were subjected to dry sieving using a
column of 10 sieves, resulting in 11 different size
fractions for each sample: .32 mm; 32–16 mm;
16–8 mm; 8–4 mm; 4–2 mm; 2–1 mm; 1–
0.5 mm; 0.5–0.25 mm; 0.25–0.125 mm; 0.125–
0.063 mm; and ,0.063 mm. The bulk samples
were weighed prior to sieving and the individual
size fractions were weighed after sieving. The data
were analysed statistically using Microsoft Office
Excel 2007 and GRADISTAT software (Blott &
Pye 2001).
Heavy mineral analysis
Heavy mineral separation was carried out on the
0.5–0.25 mm size fraction using bromoform
(d ¼ 2.89). The heavy minerals collected were
washed and dried in an oven. They were then
weighed and the magnetic minerals were sepa-
rated using a hand-held magnet. Further magnetic
separation of heavy minerals was done using a
Frantz laboratory magnetic separator. Paramagnetic
and diamagnetic fractions were separated by using
various amperages: 0.2, 0.4, 0.6, 0.8 and 1 A. The
resulting fractions were weighed. Each fraction
was examined using a binocular petrographical
microscope, and the minerals were examined to
determine their type and abundance. When necess-
ary, complementary scanning electron microscopy
and energy dispersive spectroscopy (SEM–EDS)
analyses were performed.
Pollen analysis
Ten grammes of sediment were removed from each
sample, and submitted to a series of sequential
chemical procedures in order to remove as much
mineral material and extraneous organic matter as
possible, leaving the chemically resistant organic
matter that includes pollen and other palynomorphs
(Horrocks 2004). To remove any fine adhering
organic material from the pollen surface, and to
remove the protoplasm from the pollen interior in
order to render the exines more visible by light
Table 1. Means and coefficients of variation of
L*a*b* parameters measured for the samples
collected along the sampling profile
Samples L* (D65) a* (D65) b* (D65)
Mean CV Mean CV Mean CV
A1 A 58.1 1.0 2.5 6.3 11.1 2.1
B 58.0 2.8 11.3
C 57.0 2.6 10.9
A2 A 56.7 0.4 3.1 4.1 11.1 1.4
B 57.0 3.3 11.3
C 57.2 3.1 11.3
A3 A 58.1 2.0 2.6 7.1 10.1 4.7
B 56.7 2.9 9.9
C 59.1 3.0 10.8
A4 A 59.9 1.0 3.2 4.7 11.5 2.2
B 59.1 2.9 11.2
C 60.4 3.2 11.7
A5 A 59.4 0.2 2.7 5.0 10.9 2.7
B 59.5 3.0 11.4
C 59.3 2.7 10.8
A6 A 59.6 1.6 2.9 5.8 11.5 4.9
B 58.5 2.6 10.6
C 57.8 2.7 10.6
A7 A 58.0 0.5 2.7 2.4 10.5 0.4
B 58.2 2.7 10.4
C 58.5 2.8 10.5
A8 A 56.4 0.7 2.6 2.6 9.9 1.8
B 55.7 2.5 9.7
C 56.4 2.6 10.0
CV inter-
sample
2.2 8.1 5.3
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microscopy, the samples were put through a pro-
cedure known as acetolysis (Erdtman 1969). Sub-
sequently, the pollen residue was mounted onto
microscope slides in glycerol jelly, and the pollen
types identified and quantified by performing 10
equidistant horizontal traverses of the preparation
using a light microscope, with a magnification of
×400. Pollen counts for each identified taxon
were converted into percentages of total counts
and divided into classes according to their represen-
tation percentage (higher than 10%, 5–10%, 1–5%
and lower than 1%).
The pollen grains were identified on the basis of
their shape, number of apertures, size and ornamen-
tation with the help of reference preparations and
published literature (Reille 1992, 1995, 1998; Hor-
rocks 2004). In order to obtain a composite pollen
spectrum, the results from the three samples col-
lected at each location along the collection traverse
were combined.
Results and discussion
Colour analysis
A statistical analysis of the colour measurements
carried out on the triplicate samples collected at
each sampling location revealed similar colour
parameters of the soil samples over distances on
the order of 1 m (Table 1). For future work, colour
analysis of a single sample from each sampling
location should be sufficient. It was also determined
that there is very minor variation in the colour par-
ameters across the entire transect, which was
sampled at the Oliveira do Douro beach (the CV
was always less than 8.1%). These results are con-
sistent with visual observations made during
sampling because no perceptible differences in the
colour of the soil from the different sampling
locations was observed. These results indicate the
utility of performing an initial visual examination
of a scene prior to deciding on the number of
samples and the locations to be sampled during a
forensic investigation.
The samples analysed produced colour values
close to the red (2.5 , a , 3.3) and yellow
(9.7 , b , 11.7) colour values, and a lightness
value (55.7 ,L , 60.4) close to the paler portion
of the L*a*b* system colour sphere. Compared to
results obtained for marine sands from northern
Portugal by Guedes et al. (2009), the river-bank
samples had lower L* values, and higher a* and
b* values. The lower L* values are probably due
to the fact that we are comparing river sands with
marine sands and the latter typically have higher
brightness values. The differences between the
Table 2. Statistical data related to the particle size distribution of the samples collected along the sampling
profile (Folk & Ward 1957 method)
Samples Mean Sorting Skewness Kurtosis
A1A Very coarse sand Poorly sorted Symmetrical Platykurtic
A1B Very coarse sand Poorly sorted Symmetrical Mesokurtic
A1C Very coarse sand Poorly sorted Symmetrical Platykurtic
A2A Very coarse sand Poorly sorted Symmetrical Platykurtic
A2B Very coarse sand Poorly sorted Coarse skewed Platykurtic
A2C Very coarse sand Poorly sorted Symmetrical Platykurtic
A3A Very coarse sand Poorly sorted Symmetrical Platykurtic
A3B Very coarse sand Poorly sorted Coarse skewed Platykurtic
A3C Very coarse sand Poorly sorted Symmetrical Platykurtic
A4A Very coarse sand Poorly sorted Symmetrical Mesokurtic
A4B Very coarse sand Poorly sorted Symmetrical Leptokurtic
A4C Very coarse sand Poorly sorted Symmetrical Platykurtic
A5A Very coarse sand Poorly sorted Symmetrical Mesokurtic
A5B Very coarse sand Poorly sorted Symmetrical Platykurtic
A5C Very coarse sand Poorly sorted Symmetrical Platykurtic
A6A Very coarse sand Poorly sorted Symmetrical Platykurtic
A6B Very coarse sand Poorly sorted Symmetrical Mesokurtic
A6C Very coarse sand Moderately sorted Coarse skewed Platykurtic
A7A Very coarse sand Poorly sorted Symmetrical Platykurtic
A7B Very coarse sand Poorly sorted Symmetrical Platykurtic
A7C Very coarse sand Moderately sorted Symmetrical Mesokurtic
A8A Very coarse sand Poorly sorted Fine skewed Leptokurtic
A8B Very coarse sand Poorly sorted Fine skewed Leptokurtic
A8C Very coarse sand Poorly sorted Symmetrical Mesokurtic
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a* and b* parameters of the river and marine sands
are probably due to differences in their parent rocks.
Particle size distribution
Particle size descriptive parameters showed a mean
size distribution between [0.56;20.10w]. The sedi-
ment sorting varies between [0.97; 1.45w], the
skewness varies between [20.16; 0.17w] and the
kurtosis varies between [0.74; 1.27w]. The particle
size distributions observed for the triplicate sam-
ples collected at each sampling location were
observed to be homogeneous. There were also rela-
tively few differences for samples taken from
different locations along the sampling profile. The
percentage of gravel varies between 24.8 and
45.4%, the percentage of sand varies between 54.6
and 74.3%, and the percentage of mud between
0.1 and 3.8%. There appeared to be a trend in the
particle size data, with a tendency to find coarser
sediments near the river bank and progressively
finer sediments at greater distances from the river
bank. The sediments taken from the eighth sampling
point exhibited a prominent increase in the percen-
tage of mud. This was interpreted as being due to
the contributions to the sediment from agricultural
areas bordering the beach (Table 2, Figs 2 & 3). In
general, all of the sediment samples were character-
ized as very coarse, poorly sorted sands (Table 2).
Since these data are very similar along all the
entire profile, they are useful forensic parameters
for characterizing this particular river beach.
Heavy mineral analysis
The results of the heavy mineral analyses indicate
that the heavy mineral assemblages did not vary sig-
nificantly along the sampled profile. The primary
heavy minerals identified were magnetite (in the
magnetic fraction), ilmenite (in the 0.2 A fraction),
biotite (in the 0.4 and 0.6 A fractions), staurolite
(in the 0.6 A fraction), tourmaline (in the 0.8 A frac-
tion) and andalusite (in the diamagnetic fraction)
(Fig. 4). The occurrence of biotite is a useful dis-
criminating parameter. Biotite is not a very resis-
tant mineral, which suggests that a source rock
Fig. 2. Frequency curves of particle size distribution from the samples collected in the sampling profile.
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containing biotite is likely to occur in close proxi-
mity to the sampling site.
Pollen analysis
The plant survey performed in the sampling site
determined that a large diversity of annual weeds,
and Platanus spp., Populus spp. and Metrosideros
spp. trees, occur in the immediate vicinity of the
sampling site (Table 3). Pollen analysis of the
samples collected revealed that the pollen assem-
blages from every sampling location primarily
contain pollen types from arboreal vegetation. The
majority of arboreal pollen types are not present in
the immediate vicinity of the beach but, rather,
occur in the surrounding areas within a 5 km
Fig. 3. Cumulative curves of particle size distribution from the samples collected in the sampling profile.
Fig. 4. (a) Biotite observed in the heavy mineral assemblage of the river beach sand samples in the 0.4 and 0.6 A
fractions. (b) Magnetite observed in the heavy mineral assemblage in the magnetic fraction.
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radius. This illustrates the importance of assessing
not only the vegetation at a crime scene but also sur-
veying the vegetation in the surrounding areas
(Table 4). Pollen taxa consistent with the annual
weeds observed at the sampling site were also ident-
ified in samples from the entire profile; however,
most were present at trace levels (below 1%).
Exceptions to this included the annual weeds Plan-
tago, Asteraceae and Poaceae, which were found in
the samples in substantial quantities, with the latter
two families representing the abundant pollen types
from each sampling location. This fact is probably
due to the anemophilous nature of these plants
and, as a result, their production of large quantities
of pollen. This demonstrates the importance of dis-
tinguishing between anemophilous and entomophi-
lous plant species, as knowledge of pollination
mechanisms and pollen production makes it poss-
ible to account for the apparent over- or under-
representation of certain plant taxa in the pollen
spectra of sediment samples. Sixty-one different
pollen types were identified along the profile, and
23 of them were present in all of the samples.
Despite the pollen diversity, a similar dominant
pollen assemblage was observed along the entire
profile, differing only in their relative abundances.
A greater diversity of pollen was found immedi-
ately next to the river, with greater amounts of
pollen types including Poaceae, Pinus, Alnus,
Brassicaceae, Salix, Lamiaceae, Castanea and
Aceraceae being observed at the river bank, and
progressively smaller amounts observed at greater
distances from the river. These results suggest the
possibility that certain pollen types are being
carried by the river and deposited on the river bank,
including pollen from Pinus, Alnus, Salix, Castanea
and Aceraceae, as these taxa are not represented at
the sampling location. Increasing amounts of Plata-
nus, Asteraceae tubuliflorae, Caryophylaceae and
Chenopodium pollen were observed at progress-
ively greater distances from the shore, suggesting
that this pollen was mainly derived from the sur-
rounding vegetation.
However, other pollen types dispersed along the
beach were not found to have any pattern associated
with their variation, including pollen from Cupres-
sus, Quercus, Oleaceae, Ericaceae, Urticaceae,
Myrtaceaea and Asteraceae liguliflorae. Some of
these taxa that are present in the surrounding veg-
etation, namely Cupressus, Quercus, Oleaceae and
Ericaceae, are anemophilous and, therefore, could
have been transported by wind and randomly dis-
persed along the sampling profile. In the current
study, the pollen assemblages along the profile gen-
erally contained the same pollen types but with
different relative abundances. A similar trend was
also reported by Guedes et al. (2011), who found
that pollen assemblages from several beaches in
Table 3. Spring plant survey from the Areinho river beach in Oliveira do Douro, Vila Nova de Gaia town
(north of Portugal)
Plants
Family Species Family Species
Asteraceae Arctotheca calendula Oxalidaceae Oxalis pes-caprae
Cotula coronopifolia
Sonchus oleraceus
Boraginaceae Echium plantagineum Plantaginaceae Plantago lanceolata
Brassicaceae Capsella bursa-pastoris Platanaceae Platanus spp.
Cisymbrium officinale
Raphanus raphanistrum
Caryophylaceae Cerastium diffusum Poaceae Bromus diandrus
Silene gallica Poa pratensis
Stellaria media Poa trivialis
Vulpia muralis
Fabaceae Lupinus angustifolius Polygonaceae Rumex bucephalophorus
Medicago Arabica
Melilotus spp.
Ornithopus compressus
Ornithopus pinnatus
Trifolium nigrescens
Geraniaceae Erodium moschatum Ranunculaceae Ranunculus muricatus
Hypolepidaceae Pteridium aquilinum Rubiaceae Galium aparine
Lamiaceae Stachys arvensis Salicaceae Populus spp.
Liliaceae Allium triquetrum Solanaceae Solanum sublobatum
Myrtaceae Metrosideros spp. Urticaceae Urtica dioica
Urtica membranacea
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the Algarve region generally contained the same
pollen types but with different relative abundances,
allowing the different sites to be distinguished.
Conclusions
Our results revealed that the colour, grain size distri-
bution and heavy mineral assemblages are similar
across the entire sampling profile along the river
beach. Although the relative abundance of different
pollen types changed along the sampled profile, the
dominant pollen types were also similar in the eight
sampled points. The data reported here offer a
complete characterization of this river beach in
terms of its colour, grain size distribution, heavy
mineral and pollen assemblages. These data could
be used to compare sand from the Areinho fluvial
beach with sand from other locations. The data from
this study will be incorporated into a geographical
information systems (GIS) database that could be
used as an investigative aid in forensic investi-
gations involving sand, soil or sediment samples.
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1. Introduction
The use of soils (the term soils is applied in its ‘‘latum sensum’’
including soils and sediments) as trace evidence in criminal and
civil matters has increased, and is now increasingly being adopted
worldwide [1]. This is as a result of the fact that this type of
material holds within it multiple ﬁngerprints, each soil having a
combination of different features which can potentially lead to its
uniqueness [2,3]. Thereby, a forensic investigation carried out on
soils beneﬁts from a multidisciplinary approach to enable the
association or dissociation between soils in a forensic context
with an evidential questioned sample [2,4,5]. There are poten-
tially a large number of analyses that can be performed on soils
in order to evaluate its inorganic and organic features; such as
spectral color, density distribution of particles, particle size
distribution, magnetic susceptibility, light and heavy mineral
analysis, stable isotope analysis, elemental analysis, pollen
analysis, microorganisms, plant wax compounds [2–5]. Therefore,
it is important to develop and optimize standardized analytical
procedures that can be reliable, easily and rapidly executed in a
forensic context and that are also reproducible. It is possible to try
to carry out the combined series of analyses on just tens of
milligrams of soil or less. However, it is known that if low
concentrations are suspected, more material should be examined
if available [6]. In a forensic investigation, the choice of the
methods to be used depend on the size and condition of the soil
samples, the associated costs, the instruments available [5] and
also if there is a need to study a particular feature for a speciﬁc
purpose.
Having well established protocols is important to also construct
reliable soil databases where information about spatial and
temporal variability on soil properties is accurate and desirable.
Databases that have samples well-referenced supply important
information to potentially eliminate areas of land from further
police enquires [5].
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The common contact between soils and person/objects leads to
the natural transference of its components (inorganic and/or
organic) which can be used as potential evidential in courts. The
inorganic features have been the most commonly used in soil
forensic investigation rather than the organic ones [5]. The organic
compounds can originate from plants, animals and micro-
organisms (present, past or in decomposition) belonging to the
local biotic or from external biotic sources [7]. Furthermore, the
organic matter content of sediment samples has been poorly
studied in the context of forensic application.
To investigate the usefulness of organic matter signatures
in beach sediments for forensic discrimination, seventy-seven
samples were collected in different seasons during a period of
one year in two river beaches located at the southern bank of the
Douro River estuary in the North of Portugal and isotope, pollen, and
plant wax analyses were performed. These two river beaches
although isolated, are very busy areas during the summer and other
seasons due to its popular water sports. Therefore, beach sediments
from these localities can be useful in investigative intelligence,
either as a known origin sample referenced in a database or via its
retrieval from a suspect’s clothing, footwear, vehicle, or crime scene.
2. Materials and methods
2.1. Sample collection and handling
The locations selected for sampling were two river beaches,
Oliveira do Douro and Avintes, in northern Portugal, on the
southern bank of the Douro River in Vila Nova de Gaia, near Porto.
The surrounding geology of both beaches is characterized by
several distinct lithologies, the most important of which is the
Porto two-mica Hercynian granite, and ‘‘Schist-graywacke com-
plex’’, composed of micaschists, metagraywackes and gneisses,
ante-Ordovician in age (Fig. 1).
To account for seasonal variability, samples were collected in
all seasons of the year on both beaches and the same sampling
procedure was followed on each date. All the samples were
collected along a transect perpendicular to the river side and
spaced 15 m apart. In the Oliveira do Douro beach the samples
were collected from eight locations and in the Avintes beach the
samples were collected from ﬁve locations. However, the
Oliveira do Douro spring sampling and the Avintes winter
sampling was obtained through the collection of three samples
from the corners of a triangular array, 1 m apart at each location
to evaluate the small-scale local variability, while in the other
seasons only one sample was harvested due to the inexistence of
differences between the samples within each triangle (Fig. 1). In
the summer in Oliveira do Douro beach, the sample nearest the
river was not collected due to the high water level. A total of
seventy-seven samples were manually collected from the surface
topsoil (depth less than 5 cm) using a plastic spatula. The spatula
was thoroughly cleaned after each sampling location to avoid
contamination between samples. At the same time that the
samples were collected, a plant survey was carried out at each
beach.
The samples were dried at 40 8C, homogenized and subse-
quently split into sub samples for the different analyses. The
palynological analysis was performed on the unsieved bulk
Fig. 1. Simpliﬁed geological map of the northern Portugal including Oliveira do Douro river beach and Avintes river beach (1 – Arra´bida bridge; 2 – Freixo bridge; 3 –
Crestuma-Lever dam; 4 – Quaternary deposits; 5 – Quartz; 6 – Metamorphic rocks; 7 – Two-mica granites; 8 – Biotitic granites; 9 – Douro River) and the sampling proﬁles
performed at both places, (a) and (b) respectively. Map (a) and (b) data: Google, DigitalGlobe.
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samples. To prepare the beach sediments for the isotope and plant
wax analyses, 10 g of each sample were milled.
2.2. Isotope analysis
Carbon is one of the most abundant elements on earth. Carbon
has two stable isotopes (12C; 13C). These ratios, determined by
mass spectrometry, can be used in forensic environmental issues
and criminal investigation, contributing to the comparison of
questioned samples [8]. The input of carbon into soil is mainly
through plants with the C3 (Calvin-Benson cycle), C4 (Hatch-Slack
cycle) or Crassulacean Acid Metabolism (CAM) pathway of
photosynthesis [9]. Each pathway has typical values of d13C:
values produced by C3 plants are in the range of 23 to 28%
while values produced by C4 and CAM plants are in the range of
11 to 15%, these two latter types of plants being distinguish-
able by their hydrogen isotopes [9,10]. As each type of plant is
typical of different ecosystems, their isotope values can be used to
predict the variation in d13C values [9].
The total C contents and the 13C/12C isotope ratios of
approximate 20 mg of dried (50 8C overnight) milled sieved
(<2 mm) bulk samples were determined using a Flash EA 1112
Series Elemental Analyser connected via a Conﬂo III to a DeltaPlus
XP isotope ratio mass spectrometer (all Thermo Finnigan, Bremen,
Germany) [11]. The isotope ratios were calculated using CO2 and
reference gases injected with every sample. The isotopic values of
this gas was directly referenced against IAEA reference materials
USGS40 and USGS41 (both L-glutamic acid); certiﬁed for d13C
(%VPDB). The C content of the samples was calculated from the
area output of the mass spectrometer calibrated against National
Institute of Standards and Technology (NIST) standard reference
material 1547 peach leaves which was analyzed with every batch
of ten samples. Long term precisions for aquality control standard
(milled ﬂour) were: total C 40.3  0.42%, d13C 25.5  0.29%
(mean  sd, n = 200) [11].
2.3. Pollen analysis
Plants are distributed on soils according to their nutrient
requirements (type of minerals, amount of water, etc.), tolerance to
the climate and interaction with other plants, animals and humans,
contributing to a more speciﬁc signature of the physical support
[12]. Pollen and spores are generally not visible to the naked eye
and are very resistant and persistent even after washing [8].
Through the pollen assemblage of a speciﬁc sample it is possible to
deduce information about the local and surrounding vegetation
where that sample came from [8]. However, as pollen is generally
small and light it can be moved with the wind [12].
A sample of 10 g of material from each soil sample was
submitted to a series of sequential chemical procedures in order to
remove as much mineral material and extraneous organic matter
as possible; leaving the chemically resistant organic matter that
includes pollen and other palynomorphs [6]. To remove any ﬁne
adhering organic material from the pollen surface, and to remove
the protoplasm from the pollen interior in order to render the
exines more visible by light microscopy, the samples were put
through a procedure known as acetolysis [13]. Subsequently, the
pollen residue was mounted onto microscope slides in glycerol
jelly and the pollen types identiﬁed and quantiﬁed by performing
ten equidistant horizontal traverses of the preparation using a light
Table 1
Plant inventory from the Oliveira do Douro river beach in the northern Portugal.
Spring Summer Autumn Winter
Oliveira do Douro
Allium triquetrum Apium nodiﬂorum Alnus spp. Capsella bursa-pastoris
Arctotheca calendula Arctotheca calendula Capsella bursa-pastoris Medicago nigra
Bromus diandrus Atriplex prostata Metrosideros spp. Metrosideros spp.
Capsela bursa-pastoris Chamaemelum mixtum Ornithopus spp. Platanus spp.
Cerastium difusum Chenopodium ambrosiodes Platanus spp. Populus spp.
Cotula coronopifolia Coleostepus myconis Poa annua Raphanus raphanistrum
Echium plantagineum Cotula coronopifolia Populus spp. Senecio vulgaris
Erodium moschatum Fumaria muralis Raphanus raphanistrum Silene galica
Gallium apparine Holcus lanatus Senecio vulgaris Stachys arvensis
Lupinus angustifolius Hordeum murinum leporinum Spergula arvensis Stellaria media
Medicago arabica Juncus maritimus Stachys arvensis Urtica spp.
Medicago nigra Lolium multiﬂorum Stellaria media
Melilotus spp. Metrosideros spp. Vulpia spp.
Metrosideros spp. Nasturtium ofﬁcinale
Ornithopus compressus Oenanthe crocata
Ornithopus pinnatus Papaver rhoeas
Oxalis pes-caprae Plantago coronopus
Plantago lanceolata Plantago lanceolata
Platanus spp. Platanus spp.
Poa pratensis Poa annua
Poa trivialis Polygonum aviculare
Populus spp. Populus spp.
Pteridium aquilinium Raphanus raphanistrum
Ranunculus muricatus Rorippa nasturtium aquaticum
Raphanus raphanistrum Rumex bucephalophorus
Rumex bucephalophorus Rumex obtusifolius
Silena gallica Rumex pulcher
Sisymbrium ofﬁcinale Senecio gallicus
Solanum sublobatum Senecio vulgaris
Sonchus oleraceus Silena gallica
Stachys arvensis Sonchus oleraceus
Stellaria media Trifolium arvense
Trifolium nigrescens Veronica anagallis aquatica
Urtica dioica
Urtica membranacea
Vulpia muralis
A´. Carvalho et al. / Forensic Science International 233 (2013) 403–415 405
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microscope, with a magniﬁcation of 400. Pollen counts for each
identiﬁed taxon were converted into percentages of total counts.
The pollen grains were identiﬁed on the basis of their shape,
number of apertures, size and ornamentation with the help of
reference preparations and published literature [6,14–16]. In order
to relate the pollen with the plant wax data, pollen classiﬁcation
was combined into the categories of: trees, shrubs, herbs, grasses,
and spores and were subsequently calculated as a percentage of
the total [4].
2.4. Plant wax-marker analysis
Plant waxes consist primarily of a range of long-chain aliphatic
compounds including n-alkanes, fatty alcohols, fatty acids, esters,
and fatty aldehydes. These compounds are found within the humus
fraction of a soil [4,7]. Long-chain ketones (2-alkanones), which are
rarely present in plants, but are thought to have originated from
other plant wax compounds, are also found in this fraction. The
analysis of wax-markers that occur in the epicuticular wax of most
plants (leaves, roots and ﬂowers) can help in the determination of
the origin and history of the organic matter in addition to providing
information on the land use and the composition of the overlying
vegetation [7,17]. As the number of wax compounds studied
increases, the discrimination between plant species would
increase [18]. The n-alkanes are relatively common, having
21–37 carbon atoms [7]. Their analysis and identiﬁcation is
relatively easy as well as they are present as discrete compounds
and are persistent in soils [4]. The free and esteriﬁed long chain
fatty alcohols can be split into two categories, the primary and the
secondary alcohols. The primary alcohols are common at high
concentrations in plant wax and have from 20 to 34 carbon atoms
(saturated, unbranched, mainly even-chain); the secondary
alcohols are present at high concentrations in gymnosperms
(odd-chain, mainly 10-nonacosanol: C29) [7].
The study of plant waxes is very useful in a forensic
investigation since it helps in the determination of the plant
composition at speciﬁc locations and also allows the comparison
between a questioned and a control sample to analyze for the
degree of association [7]. Using earth materials as evidence has the
limitation that the signiﬁcance of each piece of evidence can be
limited and is determined by probability. However through a
combination of the results of several (and complementary)
analyses this can provide greater certainty [2].
Extraction of n-alkanes and alcohols was carried out on 0.5 g or
1 g aliquots of dried milled sieved (<2 mm) bulk samples using a
protocol originally developed by Dove and Mayes [19] for analysis
of plant material and herbivore feces, but modiﬁed for soil analysis.
Because lower concentrations of alkanes and alcohols were
expected in beach sediments, the concentrations of internal
standard solutions used for n-alkane (tetratriacontane, C34) and
Table 2
Plant inventory from the Avintes river beach in the northern Portugal.
Spring Summer Autumn Winter
Avintes
Arctotheca calendula Acacia melanoxylon Erodium moschatum Acacia dealbata
Brassica barrelieri Anagallis arvensis Fumaria capreolata Acacia melanoxylon
Bromus catharticus Andryala integrifolia Poa annua Cardamine hirsuta
Bromus sterilis Avena barbata Populus spp. Hirschfeldia incana
Cerastium diffusum Bromus diandrus Raphanus raphanistrum Lamium purpureum
Chrysanthemum segetum Coleostephus myconis Senecio vulgaris Lupinus angustifolius
Echium plantagineum Coronopus didimus Stellaria media Poa annua
Erodium moschatum Cotula coronopifolia Taraxacum spp. Populus spp.
Hirschfeldia incana Crepis capillaris Raphanus raphanistrum
Lupinus angustifolius Cyperus eragrostis Salix atrocinerea
Medicago polymorpha Dactiles glomerata Senecio vulgaris
Plantago coronopus Erodium moschatum Solanum sublobatum
Plantago lanceolata Foeniculum vulgare Stellaria media
Poa annua Hinchfeldia incana Taraxacum gr. ofﬁcinale
Populus spp. Holcus lanatus Trifolium repens
Ranunculus muricatus Hordeum murinum leporinum Vicia sativa
Rumex bucephalophorus Hypericum linarifolium Vinca difformis
Rumex crispus Hypochoeris radicata
Silena gallica Juncus bufonius
Solanum sublobatum Medicago littoralis
Trifolium repens Medicago lupulina
Medicago polymorfa
Melilotus indica
Nasturtium ofﬁcinale
Oenanthe crocata
Papaver rhoeas
Plantago coronopus
Plantago lanceolata
Poa annua
Polygonon monspeliensis
Populus spp.
Raphanus raphanistrum
Rumex bucephalophorus
Rumex crispus
Solanum sublobatum
Sonchus oleraceus
Trifolium arvense
Trifolium negrescens
Trifolium pratense
Trifolium repens
Veronica anagalis aqua´tica
Vinca difformis
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fatty alcohol (1-heptacosanol, C27) analyses were reduced. To
minimize potential contamination during analysis the solvents
(n-heptane, ethanol and ethyl acetate) were redistilled prior to use
and glass silica-gel fractionation columns (Sigma Aldrich Ltd) were
used in place of polypropylene columns. The hydrocarbon fraction,
containing the n-alkanes were analyzed on a Fisons 8000 Series gas
chromatograph ﬁtted with a ﬂame ionization detector and a
30 m  0.25 mm i.d. Rxi-1ms (Restek Corporation, Bellefonte, PA,
USA) capillary column, using helium as a carrier gas. The crude
alcohol fraction collected from the silica gel columns was puriﬁed (to
Fig. 2. Pattern of the percentage of carbon along the sampling proﬁle and proﬁle averages (PA) of the Oliveira do Douro river beach (a) and Avintes river beach (b) at different
seasons of the year (bars represent one standard deviation; Oliveira do Douro spring, autumn and winter, n = 8; Oliveira do Douro summer, n = 7; Avintes, n = 5). Percentage
carbon was derived from the isotopic analyses.
Fig. 4. Percentage of pollen grains and spores by plant species along the sampling proﬁle of the: (a) Oliveira do Douro river beach and (b) Avintes river beach.
Fig. 3. Natural variation in d13C composition along the sampling proﬁle and proﬁle averages (PA) of the Oliveira do Douro river beach (a) and Avintes river beach (b) at
different seasons of the year (bars represent one standard deviation; Oliveira do Douro spring, autumn and winter, n = 8; Oliveira do Douro summer, n = 7; Avintes, n = 5).
A´. Carvalho et al. / Forensic Science International 233 (2013) 403–415 407
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remove sterols and triterpenoids) using a urea adduction method in
place of the aminopropyl solid-phase extraction column method
used by Dove and Mayes [19]. The long-chain fatty alcohols (as
acetate derivatives) were analyzed on a ThermoQuest Trace gas
chromatograph ﬁtted with a 30 m  0.25 mm i.d. ZB5-HT Inferno
capillary column (Phenomenex, Macclesﬁeld, UK), using helium as
the carrier gas. The n-alkanes and alcohols were identiﬁed and
quantiﬁed by reference to standard mixtures containing all n-alkanes
in the range of C21–C35 and all alcohols in the range of C20–C30.
2.5. Statistical analysis
A hierarchical cluster analysis was performed in order to
ascertain if it was possible to obtain discrimination: (i) between
composite season samples from both beaches; (ii) between
composite samples along a proﬁle of each beach in each season
and (iii) of samples that belong to different seasons in the same
beach, using the techniques that were applied. The cluster analysis
was performed on standardized values in order to reduce effects of
scale, and the number of clusters was determined using: (i) the
squared Euclidean distance as a distance measure and (ii) the ward’
method as a linking method.
After each cluster analysis, a principal component analysis was
also carried out to reduce the data into a smaller number of
correlated variables in order to ascertain and test which features
would allow the discrimination between samples. Samples were
ordinated by their score on dimensions 1 and 2.
All the statistical analyses were performed using the software
SPSS (20.0).
3. Results and discussion
3.1. Plant inventory from sampling sites
The plant survey carried out at each beach, revealed that the
vegetation in both beaches was composed of a large diversity of
annual herbs, grasses, Platanus spp., Populus spp. and Metrosideros
spp. trees (Tables 1 and 2). In the Oliveira do Douro beach a total of
66 different types of plants were identiﬁed, with 36 being exclusive
of this beach. The highest diversity was found in the spring (36
plant types) and the lowest diversity was found in the winter (11
plant types). In the Avintes beach we identiﬁed a total of 62 plant
types being 32 exclusive of this beach. The higher diversity was
found in the summer (42 plant types) and the lower diversity was
found in the autumn (8 plant types) (Table 1).
We observed that before the summer, in order to prepare these
river beaches for the bathing season, the ground vegetation was
cut, and the majority of the above ground vegetation was removed.
However, there are always some plant remains that persist on the
topsoil. The loss of plant material is higher in the Oliveira do Douro
beach than in the Avintes beach.
3.2. Isotope analysis
For both beaches the percentage of total carbon was very low,
increasing with distance from the river. The average total carbon
percentage was similar on both beaches, although the Oliveira do
Douro beach showed a higher increase of total carbon in the last
three locations with distance from the river (Fig. 2a). This is
Fig. 5. Patterns of n-alkane signatures along the sampling proﬁle and proﬁle averages (PA) of the Oliveira do Douro river beach at different seasons of the year (bars represent
standard deviation; spring, autumn and winter, n = 8; summer, n = 7).
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correlated with the increase of ground cover on the beach
sediments moving from the river to the land.
The highest average levels of total carbon in the Oliveira do
Douro beach were found in the summer and the lowest levels were
found in the spring. In Avintes, the highest average levels of total
carbon were found in the spring and the lowest levels in the winter.
It is likely that, the higher total carbon development in the summer
in Oliveira do Douro is due to the higher loss of plants in this beach
just before this season contributing to the existence of plant
remains on the topsoil and to other external biotic sources related
with bathing season activities.
The highest inter-season differences were observed on the
samples that were located more distant from the river, probably
due to the fact that these places were inﬂuenced by the falling
leaves from the trees located at the vicinity of this beach, also being
at the places where there were more visible changes in the organic
matter content in the topsoil (Fig. 2).
In the Oliveira do Douro beach the average of d13C values were
the same in each season (27%), while in the Avintes beach
presented some variation (25 to 27%). Along the proﬁles, the
d13C isotopic values ranged between 22 and 28%. This reﬂects
the ground cover species which were mainly composed of C3
plants. Also, moving further from the river, the d13C isotopic values
became more negative. In general there were small differences
between the d13C values in each season in Oliveira do Douro.
However, in Avintes these variations were much higher (Fig. 3). In
the Oliveira do Douro beach the diversity of plants in each season
was more stable throughout the year (36 and 33 different plants in
spring and summer, respectively and 13 and 11 different types in
autumn and winter, respectively). In the Avintes Beach, this was
not observed (21 and 42 different plants in spring and summer,
respectively and 8 and 17 different types in autumn and winter,
respectively). This lower stability can probably be as a result of the
higher variations in d13C isotopic values at each proﬁle location in
the different seasons of the year.
Zetche et al. [11] observed more positive d13C values in
estuarine sediments found nearer to the mouth of the estuary
(from 25.86% upstream to 19.51% downstream) than further
downstream, as a result of organic C marine contributions to the
estuary that typically enriches the d13C values. However, in our
experiments the beach nearer the mouth of the river, the Oliveira,
does Douro beach, had more negative values, although the
differences were small. These differences are probably related to
the minimal input of marine contributions to those beaches. The
level of salinity that was 1–3% in Oliveira do Douro and 0–2% in
Avintes, in high and low tide respectively (salinity measures
obtained in winter).
3.3. Pollen analysis
Pollen analysis of all the samples collected revealed that the
pollen assemblages from both river beaches primarily contain
pollen of trees, herbs, grasses and shrubs, and have a different
proﬁle at each place. Also, some differences in pollen assemblage
along the sampling proﬁle between seasons were observed.
Seventy different pollen types were identiﬁed in Oliveira do
Douro. The pollen types found with more than 5% of the pollen
proﬁle were Pinus, Alnus, Myrtaceae, Platanus and Quercus as trees;
Ranunculus, Asteraceae Tubuliﬂorae and Urticaceae as herbs;
Poaceae as grasses and Ericaceae as shrubs. We also found trilete
spores in autumn with a percentage greater than 5.
It was mainly tree pollen that were found in the Oliveira do
Douro beach, followed by pollen of herbs, grasses and shrubs
(Fig. 4a). In the Avintes beach we found mainly grass pollen,
Fig. 6. Pattern of n-alkane signatures along the sampling proﬁle and proﬁle averages (PA) of the Avintes river beach at different seasons of the year (bars represent standard
deviation; n = 5).
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followed by pollen of herbs, trees and shrubs (Fig. 4b). In both
beaches there was an increase of the representativeness of spores
in the autumn.
In Avintes there were sixty different pollen types identiﬁed. The
pollen types found with more than 5% representation were Pinus,
Alnus and Quercus as trees; Asteraceae Tubuliﬂorae, Asteraceae
Liguliﬂorae, Plantago and Chenopodiaceae-Amaranthaceae as
herbs; Poaceae as grasses and Ericaceae as shrubs. No other
plant species were found with a percentage greater than 5%. Half of
the pollen types that were found correspond to plant types
represented in the overlying vegetation at both beaches, such as
Asteraceae Liguliﬂorae, Asteraceae Tubuliﬂorae, Brassicaceae,
Fabaceae, Lamiaceae, Erodium and Ranunculus. The majority of
tree pollen types found at both beaches correspond to anemophi-
lous pollen types and belong to species that were not present in the
immediate vicinity of the beach. However they occurred within a
5 km radius of the site. This shows the importance in a forensic
context of assessing the vegetation at a speciﬁc place and also the
vegetation in the surrounding wider area, especially when a river
beach environment is in question. It is also very important to
understand how different types of pollen can have different rates
and distances of being spread by the wind [20]. Entomophilous
plants traditionally produce lower amounts of pollen that is not
distributed over long distances. In this way, it has a signiﬁcant
contribution to the local organic signature.
Irrespective of the pollen diversity found at both beaches, a
similar pollen assemblage was observed along each proﬁle,
differing only in their relative abundance. However, there were
some pollen types above 1% that were found only in the Oliveira do
Douro beach such as Salix, Platanus, Ranunculus, Acacia, Caryo-
phyllaceae, Betulaceae and Solanaceae and other pollen types that
were found only in the Avintes beach (Rumex and Potamogeton).
Guedes et al. [21] also found that in several beaches in the Algarve
region, the pollen assemblages generally contained similar pollen
types, but with different relative abundances.
3.4. Plant wax-marker analysis
The loss on ignition data conﬁrmed the C data derived from
the isotopic analysis, showing that both beaches were low (LOI
of 1.29% for Avintes and 1.45% for Oliveira do Douro). The n-
alkane data for the sediment at the Oliveira do Douro beach
showed that its concentration increased in the same manner as
already observed and discussed. However, in all seasons, at the
distance of 30 m from the river, a higher concentration and
wider range of n-alkanes was observed. This is probably related
to the starting growth of the overlying vegetation at this
location, with the larger diversity of pollen found at this level.
The high tide may have discharged some pollutants, algae and
microorganisms, thus contributing to this high concentration.
The higher range and concentration of n-alkanes were achieved
in the summer and the lower ones were obtained in the spring
(Fig. 5). This higher range and concentration is probably as a
result of the leaf fall and ﬂowers dropping from plants and
Fig. 7. Pattern of alcohol signatures along the sampling proﬁle and proﬁle averages (PA) of the Oliveira do Douro river beach at different seasons of the year (bars represent one
standard deviation; spring, autumn and winter, n = 8; summer, n = 7).
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through the presence of annual weeds and grasses. This result is
consistent with the total carbon data.
The concentration of n-alkanes in the Avintes beach was much
lower than in the Oliveira do Douro beach (probably related to the
lower plant remains on the topsoil in Avintes compared with
Oliveira do Douro) (Fig. 6) and they were mainly observed in the
location furthest from the river. The highest concentration of n-
alkanes was achieved in the spring and this result is consistent
with the total carbon data. The lowest concentrations were found
in the autumn combined with the lower range of types of
compounds detected.
In the Oliveira do Douro beach, the concentration of alcohols
increased also following the same pattern as the total carbon data.
The highest concentration and largest range of alcohols were found
in the summer and the lowest concentrations were obtained in the
spring consistent with the n-alkane data. This is also consistent
with the total carbon data (Fig. 7).
The concentration of alcohols at the Avintes beach was also
generally lower than in the Oliveira do Douro beach, probably due
to the same reason as described above for total carbon and it also
increased with distance from the river. However, in spring and
summer a signiﬁcant concentration and wide range of alcohols was
observed. This could be as a result of additional contributions from
a bacterial or fungal source. The highest levels of alcohols were
achieved in the spring, being consistent with the n-alkanes and
total carbon data. The lowest levels were attained in the winter,
also consistent with the total carbon data (Fig. 8). The relatively
high concentrations of alcohols found at the location beside the
river edge, dominated by 1-C28-OH, could be as a result of a riverine
source for this alcohol.
In the Oliveira do Douro beach there was a dominance of tree
pollen over the others, increasing along the proﬁles, suggesting
that at or near that location there were many trees, as was
observed at the site. The analyses of the n-alkanes support this
(presence of C25 and C27) as they also increase along the proﬁles in
this pattern. Dawson et al. showed that these shorter chain n-
alkanes are derived from the foliage of many trees [4]. There was
also an increase of foliage on the sands at this beach moving further
from the river. Gymnosperms provide a contribution to the organic
matter signature with secondary odd-chain alcohols, mainly 10-
nonacosanol (C29) [7]. However, it was possible to deduce that this
species of trees do not have a signiﬁcant contribution to the organic
matter in the samples since the 10-C29-OH was only present in
trace amounts in all the alcohol proﬁles.
The pollen study showed that grasses were the third most
abundant group in the Oliveira do Douro beach. Most grass species
have predominantly C29 to C33 n-alkanes in their leaf material
[4,22] and the dominant n-alkane peak found was at C31 [4]. In
addition, they have predominantly 1-C26-OH and 1-C28-OH
alcohols [19]. All proﬁles have a higher concentration of C31 and
a pattern indicative of the presence of grasses. This was also
indicated by the presence of signiﬁcant levels of 1-C26-OH and 1-
C28-OH alcohols. In the Avintes beach the same pattern of
dominance of n-alkanes and alcohols as the type of pollen plant
species was the generally same, although with different represen-
tativeness. There was a dominance of grass pollen over others, and
Fig. 8. Pattern of alcohol signatures along the sampling proﬁle and proﬁle averages (PA) of the Avintes river beach at different seasons of the year (bars represent one standard
deviation; n = 5).
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n-alkane and alcohol patterns reﬂecting grasses, as at the other
beach. Through the analysis of the pollen assemblage, trees were
the third most common species, which was conﬁrmed by the
presence of shorter chain n-alkanes (C25 and C27) from the wax
marker analysis. It was also veriﬁed that gymnosperms did not
have a signiﬁcant contribution to the organic matter in the
sediment, as the C29 alcohol was only present in trace amounts in
all the proﬁles, reﬂecting that this pollen may be more easily
windblown to long distance and not so easily incorporated into the
organic matter.
3.5. Statistical analysis
3.5.1. Discrimination between composite season samples from both
beaches
Separately each analytical technique did not permit, by cluster
analysis, a complete discrimination of the samples from the two
beaches. Only when combining the pollen and wax-markers
analysis results together did the discrimination of samples from
the two beaches clearly separate (Fig. 9a). Indeed, half of the
vegetation at both beaches were exclusive to each beach.
Furthermore, half of the pollen observed (represented with more
than 5%) was from plants that were from the topsoil of each beach.
The use of both methods together provide complementary
information about the plant composition, allowing samples to
be better ascribed to a speciﬁc location. This discrimination was
even further improved by combining also the results from the
isotope analysis (Fig. 9b). This level of discrimination was not
obtained with the combination of isotope and pollen analysis or
through a combination of isotope and plant wax-markers analysis
(data not shown). These results show the importance of consider-
ing a multidisciplinary approach to enable discrimination to be
determined with improved accuracy.
A principal component analysis (PCA) was applied to the
combined isotope, pollen and wax-marker data (Fig. 10, Table 3).
The ﬁrst two dimensions explained more than half of the data
variance, pointing out the primary importance of plant waxes and
some pollen types in discriminating the samples. Also it
demonstrated the importance of carbon content for excellent
discrimination between both beaches, in accordance with the
cluster analysis results.
The results indicate that samples with higher content of n-
alkanes tend to have higher levels of Urticaceae and Platanus pollen
but lower levels of Plantago and Poaceae, as in the case of samples
from Oliveira do Douro spring and summer and from Avintes
winter. Also, samples with higher content of C and alcohols would
tend to have lower levels of Castanea, Acacia, Acer and Cupressus but
higher levels of Fabaceae pollen, as in the case of samples from
Oliveira do Douro summer and autumn and from Avintes spring.
Furthermore, samples from winter in both beaches are separated
out from the other samples. The Oliveira do Douro sample is the
only one presenting pollen from Betulaceae, Caryophyllaceae and
Solanaceae, reﬂecting also the lower values of n-alkanes detected.
Fig. 9. Dendrogram of cluster analysis performed using the average values from composite season samples obtained through different types of analysis: (a) pollen and plant
wax-markers and (b) isotope, pollen and plant wax-markers analysis together in Oliveira do Douro (OD) and Avintes (Av) river beaches in the North of Portugal (Sp = spring;
Su = summer; A = autumn and W = winter).
Fig. 10. Biplot of dimensions 1 and 2 resulting from principal component analysis
combining samples collected at different seasons of the year in the Oliveira do
Douro (1 – spring; 2 – summer; 3 – autumn; 4 – winter) and in the Avintes river
beaches (5 – spring; 6 – summer; 7 – autumn; 8 – winter) in the North of Portugal
with isotope, pollen and plant wax-markers analysis combined. Pollen type
acronyms are indicated in Table 3.
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Avintes winter sample is the only one presenting pollen from
Potamogeton and also has the lowest isotope ratio (Table 3).
3.5.2. Discrimination between composite proﬁle samples of each
beach in each season
In the Oliveira do Douro river beach discrimination along the
beach proﬁle was possible into four groups. The two locations
closest to the river (0 m and 15 m) clustered together and away
from all the others. The proﬁle locations from the middle part of the
beach (45–90 m) formed one group and the ones located at 30 m
and at 105 m could be considered to be separated (Fig. 11a).
Principal component analysis applied to composite samples from
each proﬁle location showed that data could be reduced into four
dimensions (Table 3), with dimensions 1 and 2 contributing to 65%
of the total variance (Fig. 11).
For the Oliveira do Douro beach data, samples presenting higher
content in total carbon, high concentrations of n-alkanes C23, C27,
C29, C31, C33 and C35 and clearly the highest concentrations in
alcohols presented also higher pollen content of Platanus and
correspond to the locations further from the river. Furthermore, it
was observed that proﬁle locations from 45 m to 75 m did not load
in dimension 1 (Fig. 11c). These were clustered together (Fig. 11a).
Table 3
Dimension weights of principal component analyses: (A) combining samples collected at different seasons of the year and (B) using the average values from composite proﬁle
samples, in the Oliveira do Douro and in the Avintes river beaches in the North of Portugal with isotope, pollen and plant wax-markers analysis combined.
Variables A B
Dimensions Oliveira do Douro
Dimensions
Avintes
Dimensions
1 2 3 4 1 2 3 4 1 2 3 4
Percentage of explained variance 32 24 13 10 47 18 14 11 60 19 12 10
C 0.43 0.87 0.21 0.09 0.82 0.1 0.49 0.03 0.89 0.14 0.29 0.31
d13C 0.45 0.67 0.39 0.27 0.88 0.38 0.23 0.11 0.94 0.18 0.02 0.3
Acacia (A) 0.48 0.64 0.12 0.48 0.53 0.56 0.41 0.43
Aceraceae (Ac) 0.48 0.64 0.12 0.48 0.58 0.27 0.03 0.73
Alnus (Al) 0.44 0.49 0.17 0.62 0.91 0.01 0.17 0.34 0.78 0.6 0.18 0.08
Asteraceae Liguliﬂorae (AsL) 0.35 0.07 0.79 0.08 0.55 0.61 0.52 0.17 0.94 0.32 0.13 0.06
Asteraceae Tubuliﬂorae (AsT) 0.11 0.17 0.21 0.46 0.21 0.03 0.75 0.05 0.82 0.28 0.49 0.09
Betulaceae (B) 0.05 0.15 0.66 0.06 0.56 0.11 0.53 0.61
Brassicaceae (Br) 0.40 0.54 0.28 0.15 0.93 0.28 0.04 0.23 0.46 0.75 0.43 0.23
Caryophyllaceae (Ca) 0.27 0.16 0.68 0.29 0.31 0.28 0.09 0.1
Castanea (Cs) 0.01 0.84 0.19 0.34 0.87 0.16 0.09 0.15 0.61 0.38 0.64 0.26
Chenopodiaceae Amarantaceae (ChA) 0.62 0.11 0.10 0.56 0.69 0.1 0.15 0.14 0.29 0.74 0.48 0.38
Cupressus (Cu) 0.22 0.63 0.21 0.41 0.97 0.12 0.01 0.14 0.82 0.28 0.49 0.09
Ericaceae (E) 0.45 0.40 0.43 0.09 0.5 0.04 0.85 0.08 0.82 0.28 0.49 0.09
Erodium (Er) 0.42 0.50 0.62 0.08 0.58 0.27 0.03 0.73 0.79 0.33 0.45 0.26
MonoleteSpore (MS) 0.53 0.19 0.12 0.66 0.81 0.02 0.52 0.23 0.59 0.7 0.03 0.41
TrileteSpore (TS) 0.14 0.25 0.64 0.69 0.74 0.5 0.33 0.23 0.61 0.38 0.64 0.26
Fabaceae (F) 0.26 0.70 0.58 0.10 0.33 0.66 0.44 0.12 0.17 0.34 0.28 0.88
Lamiaceae (L) 0.36 0.30 0.27 0.26 0.56 0.11 0.53 0.61 0.05 0.67 0.01 0.74
Myrtaceae (M) 0.48 0.17 0.78 0.18 0.86 0.33 0.01 0.14 0.92 0.11 0.38 0
Oleaceae (O) 0.14 0.52 0.13 0.35 0.1 0.02 0.15 0.72 0.57 0.7 0.33 0.27
Pinus (P) 0.02 0.40 0.32 0.12 0.21 0.58 0.55 0.18 0.94 0.32 0.13 0.06
Plantago (Pl) 0.72 0.11 0.11 0.27 0.18 0.41 0.85 0.24 0.04 0.81 0.46 0.35
Platanus (Ps) 0.70 0.54 0.29 0.03 0.86 0 0.29 0.25
Poaceae (Pe) 0.71 0.45 0.39 0.03 0.75 0.57 0.01 0.14 0.73 0.08 0.17 0.66
Potamogeton (Pn) 0.04 0.56 0.19 0.74 0.46 0.75 0.43 0.23
Quercus (Q) 0.53 0.44 0.42 0.29 0.64 0.67 0.2 0.23 0.64 0.62 0.23 0.39
Ranunculus (R) 0.48 0.64 0.12 0.48 0.58 0.27 0.03 0.73
Rumex (Ru) 0.62 0.00 0.22 0.04 0.79 0.33 0.45 0.26
Salix (S) 0.48 0.54 0.43 0.49 0.81 0.02 0.52 0.23
Solanaceae (So) 0.05 0.15 0.66 0.06 0.31 0.07 0.35 0.28
Urticaceae (U) 0.73 0.40 0.38 0.34 0.73 0.15 0.09 0.6 0.51 0.66 0.4 0.37
Vitis (V) 0.11 0.40 0.41 0.35 0.56 0.11 0.53 0.61 0.79 0.33 0.45 0.26
C21 0.90 0.39 0.04 0.18 0.65 0.31 0.6 0.24 0.79 0.33 0.45 0.26
C23 0.90 0.36 0.01 0.24 0.74 0.52 0.15 0.33 0.99 0.02 0.11 0.08
C24 0.83 0.49 0.00 0.25 0.23 0.83 0.05 0.01 0.98 0 0.19 0.07
C25 0.95 0.18 0.05 0.06 0.59 0.76 0.14 0.18 0.79 0.26 0.56 0.02
C26 0.81 0.53 0.05 0.18 0.29 0.86 0.25 0.31 0.79 0.26 0.56 0.02
C27 0.95 0.26 0.05 0.11 0.83 0.52 0 0.15 0.9 0 0.13 0.42
C28 0.81 0.53 0.05 0.18 0.29 0.86 0.25 0.31 0.99 0.02 0.11 0.08
C29 0.76 0.17 0.49 0.37 0.95 0.23 0.05 0.06 0.93 0.09 0.2 0.3
C30 0.81 0.55 0.02 0.19 0.36 0.81 0.25 0.26 0.99 0.02 0.11 0.08
C31 0.61 0.05 0.54 0.54 0.95 0.09 0.2 0.1 0.94 0.18 0.02 0.3
C32 0.41 0.33 0.63 0.48 0.51 0.81 0.04 0.17 0.68 0.7 0.08 0.22
C33 0.92 0.07 0.07 0.30 0.91 0.07 0.36 0.12 0.93 0.09 0.2 0.3
C35 0.92 0.14 0.26 0.21 0.81 0.51 0.17 0.15 0.82 0.31 0.42 0.24
1-C20-OH 0.55 0.82 0.05 0.01 0.95 0.13 0.22 0.1 0.76 0.44 0.33 0.35
1-C22-OH 0.55 0.79 0.13 0.07 0.92 0.05 0.31 0.08 0.98 0 0.19 0.07
1-C24-OH 0.54 0.80 0.02 0.08 0.94 0 0.31 0.13 0.98 0 0.19 0.07
1-C26-OH 0.74 0.65 0.07 0.08 0.81 0.2 0.42 0.32 0.94 0.18 0.02 0.3
10-C29-OH 0.57 0.71 0.03 0.10 0.45 0.73 0.38 0.06 0.72 0.24 0.59 0.29
1-C28-OH 0.44 0.63 0.36 0.02 0.84 0.04 0.49 0.03 0.6 0.8 0.07 0.01
1-C30-OH 0.47 0.49 0.09 0.02 0.56 0.08 0.69 0.44 0.64 0.62 0.23 0.39
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Samples located at 30 m from the river presented high values
of total carbon and n-alkanes, particularly of those correlated
in dimension 2 where this location presented the highest
values of the whole proﬁle. Also, it presented the highest values
of 10-C29-OH but lower levels for the other alcohols when
compared with the locations located more distanced from the
river. These features are different from the other proﬁle locations
and are the ones that contribute to its discrimination along the
proﬁle.
In the Avintes river beach an excellent discrimination was
observed among samples collected along the proﬁle. Proﬁle
locations closest to the river clustered together. The sample
location at 60 m (Fig. 11b), is separated from the other locations,
being the only one containing the n-alkane C32 and pollen from
Rumex and Vitis. However, n-alkanes were also present with values
two to ten times higher than the ones obtained for the other
locations, similar to what was observed in the Oliveira do Douro
beach for the sample furthest from the river.
In the Oliveira do Douro beach samples located furthest from
the river presented higher levels of total carbon, n-alkanes and
alcohols, particularly 1-C22-OH, 1-C24-OH and 1C26-OH. Proﬁle
locations nearest the river were the only ones where the n-alkanes
C23, C28 and C30 were absent and were separated out on dimension
1 from the other proﬁle locations. The proﬁle location at 30 m was
separated from all the others. This is the only one where there was
an absence of Monolete spores and Castanea, Lamiaceae, Oleaceae
and Urticaceae pollen.
3.5.3. Discrimination of different samples collected in all seasons in
the same beach
A combination of all the analytical results to test for
discrimination of the samples taken along the proﬁle in different
Fig. 11. Dendrograms of cluster analysis (a and b) and biplots of dimensions 1 and 2 resulting from principal component analysis (c and d) performed using the average values
from composite proﬁle samples obtained by the combination of all of the results from the different analyses in the Oliveira do Douro (OD) and in the Avintes (Av) river beaches
in the North of Portugal (m = meters, distance from the river; 1–0 m; 2–15 m; 3–30 m; 4–45 m; 5–60 m; 6–75 m; 7–90 m; 8–105 m). Pollen type acronyms are indicated in
Table 3.
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seasons at the same beach was not possible at both beaches.
However, it was observed that samples were clustered primarily
based on their location along the beach proﬁle rather than by its
seasonality.
4. Conclusions
The results obtained in this study illustrate the beneﬁts of using
a combination of different forms of analyses to characterize the
organic matter of sediment samples to discriminate locations. This
study demonstrated that it was an appropriate approach for two
river beaches in Portugal which were geographically close to each
other. Further work should be carried out to test this applicability
to other beach types, such as those developed on a different
geology. On their own, total carbon isotope values, pollen or alkane
and alcohol marker data were not consistently able to reﬂect the
individual beach locations or to fully characterize the locations on
the beach. However, much information is obtained from this
combined analysis which allowed both beach and proﬁle
discrimination to be achieved in combination. In a forensic context
this is important since it allows the use of organic matter as a
powerful feature, even in largely inorganic sediment samples, to
discriminate an area similar in size to that which might be
experienced at crime scene locations. Therefore, this information
can help to determine a speciﬁc locus of a crime, excluding alibi
locations at another beach, and even the crime location within this
locus. Furthermore, it was concluded that seasonality in these
beaches was not likely to be a determining factor for discrimina-
tion. This feature could in fact be advantageous if sampling was
required to be carried out some time after a criminal event, such
that a control location sampling which may be necessary after the
time that a crime occurred.
Finally, the complementarity of organic features with inorganic
features, such as color, particle size distribution or mineral
identiﬁcation, can also be useful in the discrimination of beach
soil/sediments and could lead to an even greater level of
discrimination. Future research should determine the best
combination of analyses for use to optimize exclusion or
assessment of an association between objects, persons and places.
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Geochemical characterization of two river beaches from the Douro River, 
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This study employed elemental chemical analysis and multivariate statistical analysis to assess the variation in concentration of 
metals (As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Mn and Zn) in sediment samples from two river beaches, Oliveira do Douro and Avintes, 
located at the left bank of the Douro River estuary in the north of Portugal. During 2009–2010, a total of seventy-seven samples 
were collected along profiles perpendicular to the river and analysed through Inductively Coupled Plasma (ICP). 
The results showed that overall there were similar metal concentrations in the beach sediments from the two river beaches and 
no significant differences in their concentrations between seasons. Nevertheless, through cluster analysis it was possible to 
distinguish the samples from the Oliveira do Douro beach from the samples from the Avintes beach. Furthermore, in both beaches, 
samples collected from the furthest points away from the river margin presented similar features to each other and were able to be 
distinguished from the other samples along the two profiles. These beach sediments are anomalous in their chromium levels. The 
data are being incorporated into a database, which also contains data from other analytical methodologies, for future criminal and 
environmental forensic application.
Keywords: metals, elemental composition, beach sediments, ICP, environmental forensic
Adress correspodence to Carvalho, Centro de Geologia da Uni-
versidade do Porto (CGUP), Portugal, Rua do Campo Alegre 687, 
4169-007 Porto. E-mail: aurea.carvalho@fc.up.pt
Introduction
Sediments always contain inorganic components that can be 
both naturally occurring and introduced through human activi-
ties. The geochemical characteristics, reflected in the elemental 
composition analysis, of the inorganic fraction can be derived 
from the geological parent materials and/ or anthropogenic 
contamination (Saye and Pye, 2004). Hence, geochemical 
data can provide very sensitive environmental indicators (Pye 
and Blott, 2004). These geochemical characteristics can give 
important information as to the sample origin, helping to 
refine and narrow probable origin of a questioned sample, thus 
contributing to police intelligence. Robust sample comparisons 
can also be performed, culminating in the presentation as 
evidence in courts of law (Dawson and Hillier, 2010).
There are several analytical methods available to examine 
the chemical composition of major and trace elements in 
samples. Inductively Coupled Plasma Mass Spectrometry (ICP), 
as an automated technique, is useful to perform geochemical 
analyses as it enables reproducible elemental assays of small 
samples (Morgan and Bull, 2006). The ICP instrument measures 
most of the elements in the periodic table and accurately 
determines how much of a specific element is present in 
the material analysed. Compared with other technologies it 
offers the opportunity to achieve higher productivity also with 
lower detection limits. It also can easily handle both simple 
and complex sample matrixes (Elmer, 2001). Additionally, it 
is considered a cost effective method as it enables multiple 
samples and multiple elemental analyses, thus yielding an 
enormous amount of data in a short time (Morgan and Bull, 
2006).
The northern area of Portugal is drained by large Iberian 
rivers along which there is intensive agricultural, industrial and 
urban activity, being possible sources of water and sediment 
pollution (Araújo et al., 2002). The Douro River is one of the 
more important rivers from the Iberian Peninsula because its 
estuary is the final region of the largest watershed in Portugal, 
covering over 98000 km2 (Mucha et al., 2004).
To add to the existing data set on the geochemistry of the 
riverine sediments along the Douro River before it reaches the 
sea, we studied the spatial and temporal elemental variations 
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of ten metals (As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Mn and Zn) 
in the two main river beaches. Most of the metals are among 
the main elements of highest concern within the European 
Community (Alloway, 1994; Hogan, 2010). Zn was added to 
the list of the metals studied as it was reported by other authors 
to be important in contamination studies (Araújo et al., 2002; 
Mucha et al., 2003; 2004 and 2005). The purpose of this study 
was to examine the potential of the geochemical signature 
of sediment samples from two river beaches for criminal 
and environmental forensic purposes. This study illustrates 
the possibility of its use in criminal cases, contributing to 
the identification of the origin of a questioned sample and 
to help find its likely location. However, the quantification 
of metal concentrations is also suitable in the context of 
environmental studies, helping with the analysis of possible 
situations of sediment pollution and in identifying sources 
of possible anthropogenic disturbance inputs. Environmental 
profiling which can help identify potential ecological risks and 
report on the contamination status of sediments, are extremely 
important to help detect cases of ecosystem degradation. 
Preventive actions can then be performed to help in solving 
the existing problem.
This geochemical study assessed environmental impacts and 
contributes to a wider knowledge of metal profiling, forming 
a baseline at this point in time, and helping in the evaluation 
of any future changes in their concentrations in these study 
areas, in particular of the Douro River estuary.
Materials and methods
Sample collection and handling
The sampling sites were located at two river 
beaches: Oliveira do Douro and Avintes, in 
northern Portugal, both on the west margin of 
the Douro River in Vila Nova de Gaia, at 8 and 
11 km respectively from the river mouth. Along 
the Douro River there are several dams to produce 
hydroelectrical power. One is the Crestuma dam 
located 9 km upstream Avintes beach (Fig.1). 
The surrounding geology of both beaches is 
characterized by several distinct lithologies, the 
most important of which are the “Porto two-mica 
Hercynian granite” and the “Schist-graywacke 
complex”, essentially composed of micaschists 
and metagraywackes, ante-Ordovician in age 
(Teixeira and Carrington da Costa, 1957; Pereira, 
1992).
To account for any potential seasonal variability, samples 
were collected in all seasons of the year at both beaches. The 
same sampling procedure was followed on each occasion. All 
the samples were collected along a transect perpendicular to 
the river margin being spaced 15 meters from each other. As 
the width of the Oliveira do Douro beach was greater than the 
Avintes beach, the number of samples collected was larger. 
Eight samples were collected in the Oliveira do Douro beach 
and five were collected in the Avintes beach. Due to the small 
scale variability already evaluated by Carvalho et al. 2013b 
using colour and particle size distribution on the same triplicate 
samples in the Oliveira do Douro spring and the Avintes winter 
sampling, in the other seasons only one sample was harvested. In 
the summer, in the Oliveira do Douro beach, the sample nearest 
to the river margin was not collected due to the high level of the 
water on the day of sampling. A total of seventy-seven samples 
were manually collected from the surface (to a depth of less 
than five centimeters) using a plastic spatula. The spatula was 
thoroughly cleaned with ethanol after each sampling location 
to avoid cross-contamination. The samples were dried at 
40 °C, homogenized and subsequently split and milled prior 
to the chemical analysis.
Metal composition
The chemical composition of the beach sediments was determi-
ned by inductively coupled plasma. Over the last 15-20 years 
Inductively Coupled Plasma (ICP) has become the analytical 
method of choice for many scientists that work in the field of 
the forensic sciences (Pye et al., 2006).  It has high productivity 
and low detection limits (Elmer, 2001; Pye et al., 2006). The 
approximate concentration of some elements when close to 
their limit of detection increases the uncertainty of results, so 
Figure 1. Google, Digital Globe images from Oliveira do Douro 
and Avintes river Douro beaches in the northern Portugal and 
their sampling profiles 1) and 2), respectively. Date: 26/06/2007. 
Map data: a) altitude display of 3.37 km; b) altitude display 
of 1.10 km, elevation of 6 m and c) altitude display of 1.10 
km, elevation of 8 m.
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equipment with lower detection limits are advantageous for 
trace amounts (Jarvis et al., 2004; Dawson and Hillier, 2010). 
For the ICP analyses a 2g of milled dried homogenized sample 
in a reflux digestion was used, although analyses can be carried 
out on smaller sample mass as would likely be required in a 
forensic case where there would be little material available 
to analyze.
During the digestion, anti-bumping granules, 0.5-1ml of 
deionised (UHP) water, 21ml of hydrochloric acid and 7ml of 
nitric acid were added to each sample. After the first reaction 
with the aqua regia, 1ml of extra nitric acid was added to every 
0.1g of organic carbon above 0.5g. The solution was put on a 
thermomantle and a condenser was attached. 0.5M nitric acid 
was added to the absorption vessel to fill it half way and the 
vessel was attached to the condenser. With the water flow on, 
the samples were heated under reflux conditions for two hours. 
After cooling, 0.2ml of 100mgl-1 gold solution was added to 
each sample. The contents and rinsings (0.5M nitric acid) in 
the absorption vessel were poured into an appropriate sample 
filter. The condenser was rinsed with 0.5M nitric acid and 
the same solvent was used to transfer the sediment residue 
into the filter paper. The solution was diluted to 100ml in a 
graduated flask and the final matrix was 21%HCl:9%HNO3 
(ISO11466, 1995).
The digested samples were transferred to suitable containers 
for analysis by ICP-MS and ICP-OES. Ten elements were 
analysed and reported in units of mg/kg. Elements As, Cd, 
Co, Cr, Cu, Hg, Ni, Pb, and Zn were analysed by ICP-MS 
following the method BM015-01, and Mn was analysed by 
ICP-OES following the method BM014-23. Quality control 
was monitored by analyzing a Hutton quality control(QC) 
reference material of known concentrations for which the 
data are shown in table 1. All QC data is with ±2SD with the 
exception of Hg on TS6488. The rejection criteria for quality 
control are 1 QC sample outside 3SD or consecutive QC 
samples outside 2SD.
The elements Ru, Rh, Te and, Re were used as internal 
standards.  The ICP-MS incorporates a gas cell for the correction 
of interferences caused by polyatomic species and isotopic 
overlap. The Hydrogen mode was not used in the analysis 
of these samples. Helium mode uses kinetic discrimination 
to remove a larger cross-sectional polyatomic interference 
out of the ion path, leaving the analyte ion. Both modes 
need fine tuning to establish optimum separation of analyte 
and interferent. Elements Cd, Hg, Pb and Zn were analysed 
using no gas in the cell and As, Cr, Cu, and Ni were analysed 
using He mode. 
ICP-MS operational settings are summarized in table 2 
and ICP-OES operation settings are summarized in table 3.
Statistical analysis
A correlation analysis using the Spearman’s correlation coe-
fficient was performed on the data from each beach in each 
season in order to verify if there were any associations between 
the element concentration variations along the sampled profile. 
Subsequently, to determine if the variations in elemental 
concentration along the profile are significantly different 
between the seasons of the year, a Friedman aligned rank test 
for repeated measures was used. This test was used because 
the data collected in each season were considered dependent, 
where the seasons correspond to different treatments of the 
same experiment - the profile along the beach. When differences 
were significant, a Wilcoxon sign–ranks test for two repeated 
measures was performed to ascertain which seasons differ 
Table 1. Concentrations (mg/kg) of reference material for quality control of 
ICP analysis and their acceptance limits.
Table 2. ICP-MS instrument settings.
Elements 
Wavelength  Background 
Background 1 Background 2 
(position relative to  (position relative to  
(nm) correction Wavelength) Wavelength) 
Mn 257.61 2-Point -0.024 0.024 
Sample Introduction Conditions 
Plasma Gas Auxiliary Gas Nebulizer Gas Radio Frequency Power 
15 L/ min 0.2 L/ min 0.6 L/ min 1400 w 
Plasma viewing orientation Sample Flow Rate 
Radial 0.6 L/ min 
 
Table 3. ICP-OES instrument settings.
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significantly in the elemental concentration along the profile. 
Values of p<0.05 were considered significant. These analyses 
were performed on StatXact (v.10).
Furthermore, using the mean value for each element in 
each position along the profiles, a hierarchical cluster analysis 
was performed in order to verify if it was possible to group the 
distinct samples along the profile of each beach according to 
their elemental concentration profiles. A cluster analysis was 
performed on standardized values in order to reduce effects 
of scale, and the number of clusters was determined using: i) 
the squared Euclidean distance as a distance measure and ii) 
the Ward´s method as a linking method. These analyses were 
performed using the software SPSS (20.0).
Results and discussion
The concentration of As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Mn and 
Zn are shown in table 4.  In general, the elemental composition 
analysis showed that in both beaches the metal contents were 
similar (Table 4, Fig.2).  
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As, Cd, Co, Cu, Ni, Pb, Zn and Mn values ranged between 
the limits found in non-polluted sediments presented in previous 
related work (Müller et al., 1994; Birch and Taylor, 1999; 
Araújo et al., 2002; Tarras-Wahlberg et al., 2002; Mucha et 
al., 2003 and 2004; Fortune and Territory, 2006; Pye, 2007; 
Lim et al., 2013) (Table 5).
Figure 2. Metal mean concentrations (mg/kg) found in sediments of two river 
beaches in northern Portugal, the Oliveira do Douro river beach and the Avintes 
river beach during sampling performed in the four seasons of the year (axis in 
logarithmic scale; bars represent standard deviation; Oliveira do Douro spring, 
autumn and winter, n = 8; Oliveira do Douro summer, n = 7; Avintes, n = 5).
Comparing our results with the results obtained by Araújo 
et al. (2002) in sediments of the Douro estuary, the Cr values 
are higher than the maximum value found by these authors. The 
same occurs in relation to the mean concentration found in the 
KPAL database of U.K. soils (Pye, 2007), by Birch & Taylor 
(1999) in estuaries worldwide and in other river sediments by 
Muller et al. (1994), Tarras-Wahlberg et al. (2002) and Lim 
et al. (2013) (Table 5). 
Values of Cd and Hg were below the limits of detection 
(0.03 mg/kg for both metals) in many samples and were 
therefore precluded from the statistical analyses.. Furthermore, 
Cd was only found in 22 of the 77 studied samples and Hg 
was only found in 6.
Samples from the Avintes beach presented higher annual 
mean contents of As, Co, Ni, Pb, Zn and Mn (2.04, 0.28, 0.59, 
0.13, 1.27 and 19.54 mg/kg, respectively) compared with the 
annual mean contents from the Oliveira do Douro beach. At 
the Oliveira do Douro beach only Cr and Cu showed higher 
annual mean contents (2.37 and 0.38 mg/kg, respectively) 
than at the Avintes beach.
Substantial anthropogenic metal contamination of Cr, Cu, 
Pb and Zn was reported at the north and south bank of the lower 
Douro estuary near the river mouth (Mucha et al., 2003; 2004 
and 2005) (Table 5). Several surrounding industries (plating, 
soap, textiles and tanning) discharge their effluents into the 
water stream, with these being the possible source of the Cr.
Due to the lower values obtained near the mouth of the 
river, we assumed that an important anthropogenic source of 
Cr, related with industrial activity can be located upstream 
of the studied beaches. We do not exclude this as a potential 
contribution particularly in the finest sediments, which are 
richer in organic carbon. 
Considering the statistical results from the two studied 
beaches, most of the elements presented a positive correlation 
in their distribution along the sampling beach profile. There 
were significant positive correlations between As, Co, Cu, 
Pb, Zn and Mn in their distribution pattern along the profile. 
The assessment of potential sediment contamination can 
be hampered by the natural occurrence of metals in the 
environment (Mucha et al., 2005). Nevertheless, we must also 
consider the geogenic influence.
In both beaches, the highest values of As are accompanied 
with higher levels of Zn, Pb and the presence of Cd. These cha-
racteristics are assumed as related with the existence of sulphide 
mineralization located upstream with arsenopyrite, sphalerite 
and galena, present in quartz veins hosted at micashists, some 
of them exploited for Au-Sb and Pb mineralization (Teixeira 
and Carrington da Costa, 1957; Pereira, 1992).
In the Oliveira do Douro beach, Cr was only positively 
correlated with Ni and was the only element with a negative 
correlation with the other elements (As, Co, Cu, Pb, Mn and 
Zn). The positive Cr-Ni correlation is consistent with the heavy 
minerals like Cr-Ti-magnetite already identified by Carvalho 
et al. (2013b). In the case of Ni no significant correlations 
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Table 4. Metal concentration (mg/kg) of samples collected along the profiles in the Oliveira do Douro and in the Avintes river beaches (DFR =Distance from 
the river; m meters; - below the detection limit; *Sample not obtained; #C data obtained from Carvalho et al. 2013b; Oliveira do Douro spring, n = 3; Oliveira 
do Douro summer, autumn and winter, n = 1; Avintes winter, n = 3; Avintes spring, summer and autumn, n=1).
Beach Season DFR (m) 
As 
(mg/kg) 
Cd 
(mg/kg) 
Co 
(mg/kg) 
Cr 
(mg/kg) 
Cu 
(mg/kg) 
Hg 
(mg/kg) 
Ni 
(mg/kg) 
Pb 
(mg/kg) 
Zn 
(mg/kg) 
Mn 
(mg/kg) 
#C 
(%) 
O
liv
ei
ra
 d
o 
D
ou
ro
 
Spring 
0 6.58 - 2.20 182.0 5.79 0.34 8.17 6.37 22.98 145.6 0.14 
15 7.51 - 1.92 190.9 4.06 0.03 6.95 5.43 20.05 141.2 0.08 
30 6.24 - 1.87 208.5 5.06 - 7.51 4.73 20.53 109.7 0.15 
45 6.75 - 2.13 165.7 6.34 - 7.90 4.94 22.20 116.9 0.09 
60 10.72 - 2.07 165.9 5.83 - 7.93 6.30 24.79 113.8 0.12 
75 7.24 - 1.90 200.3 6.10 - 7.39 4.93 21.84 108.9 0.20 
90 5.27 - 1.55 170.6 5.10 - 6.76 4.26 17.60 85.22 0.21 
105 8.16 0.06 2.42 202.6 7.34 0.05 8.27 7.85 30.89 141.8 0.44 
Mean 7.31 - 2.01 185.8 5.70 0.05 7.61 5.60 22.61 120.4 0.18 
St.dev 1.63 0.02 0.26 17.2 0.98 0.12 0.55 1.17 3.97 20.9 0.12 
Summer 
0 * * * * * * * * * * * 
15 5.45 - 1.85 236.4 6.42 - 7.86 5.79 18.52 102.1 0.05 
30 6.05 - 1.84 143.2 5.42 - 6.15 5.52 23.00 103.2 0.15 
45 7.58 0.03 2.29 138.8 7.99 - 7.00 5.71 27.28 127.3 0.19 
60 7.88 - 2.39 85.70 7.70 0.04 6.87 7.50 31.50 136.1 0.30 
75 7.51 0.04 2.19 121.2 7.05 - 6.31 7.68 26.39 123.3 0.37 
90 6.81 - 2.01 163.7 6.12 - 7.51 6.71 22.59 111.4 0.34 
105 11.74 0.11 3.79 266.2 12.70 - 11.95 13.54 51.82 247.4 1.62 
Mean 
7.57 0.03 2.34 165.0 7.63 - 7.66 7.49 28.73 135.8 0.43 
St.dev 2.04 0.04 0.68 64.2 2.41 0.01 1.98 2.80 10.98 50.8 0.54 
Autumn 
0 7.66 - 2.26 226.7 7.33 - 8.55 6.18 25.09 126.1 1.63 
15 5.01 - 1.51 233.9 4.90 - 7.63 4.65 15.02 85.62 1.64 
30 6.15 0.03 1.61 150.7 5.61 - 6.13 12.80 17.61 78.88 1.65 
45 6.73 - 2.24 156.1 5.33 - 6.69 5.42 25.91 121.5 1.66 
60 7.97 0.03 2.44 294.5 7.10 - 9.58 6.17 25.11 129.1 1.67 
75 7.87 - 2.26 142.8 5.65 - 7.40 4.86 22.57 109.6 1.68 
90 6.78 - 2.18 208.8 6.69 - 8.85 5.53 21.76 126.1 1.69 
105 9.30 0.10 2.84 108.4 8.31 - 7.47 12.51 44.71 145.3 1.70 
Mean 7.18 - 2.17 190.2 6.36 - 7.79 7.26 24.72 115.3 0.34 
St.dev 1.31 0.04 0.43 61.1 1.18 0.00 1.14 3.37 8.94 22.7 0.31 
Winter 
0 6.13 - 1.98 144.6 6.39 - 6.71 10.75 22.86 104.1 1.71 
15 8.35 - 1.81 175.7 5.86 - 6.35 4.95 19.01 106.9 1.72 
30 6.11 - 1.85 237.0 7.26 - 8.11 4.88 19.03 89.11 1.73 
45 7.27 0.04 2.32 211.7 5.67 - 8.54 5.71 24.89 116.1 1.74 
60 7.09 - 2.36 154.8 6.99 - 7.52 5.60 27.11 123.2 1.75 
75 7.26 0.03 2.35 154.2 8.87 - 8.29 8.17 28.28 149.8 1.76 
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90 7.27 - 2.16 229.8 7.78 - 8.56 5.46 27.01 113.6 1.77 
105 7.87 0.05 2.24 139.7 7.52 - 6.73 9.31 30.78 125.9 1.78 
Mean 7.17 - 2.13 180.9 7.04 - 7.60 6.85 24.87 116.1 0.26 
St.dev 0.77 0.02 0.23 39.5 1.06 0.00 0.90 2.24 4.29 17.9 0.16 
A
vi
nt
es
 
Spring 
0 6.39 0.03 2.30 263.1 5.94 - 9.06 7.10 24.68 123.5 1.79 
15 12.69 0.04 2.81 193.2 8.63 0.03 8.92 8.83 25.11 180.9 1.80 
30 11.62 0.05 2.90 159.2 6.78 - 9.40 7.65 31.32 161.4 1.81 
45 10.01 0.04 2.49 124.0 6.09 - 7.07 6.30 27.93 135.2 1.82 
60 17.10 0.11 4.41 107.0 10.70 - 11.00 12.13 52.48 230.8 1.83 
Mean 11.56 0.05 2.98 169.3 7.63 - 9.09 8.40 32.30 166.4 0.28 
St.dev 3.91 0.03 0.83 62.1 2.02 0.02 1.40 2.28 11.59 42.4 0.35 
Summer 
0 8.14 - 2.15 190.3 5.72 - 7.89 4.83 23.21 134.1 1.84 
15 9.48 - 2.29 166.9 5.42 - 7.96 5.10 22.36 115.4 1.85 
30 9.18 - 2.27 98.77 5.51 - 6.59 5.21 24.40 111.5 1.86 
45 10.22 0.05 2.83 285.5 7.42 - 10.63 7.87 30.34 163.4 1.87 
60 9.59 0.05 2.83 210.5 8.37 - 9.76 14.31 32.98 172.8 1.88 
Mean 
9.32 - 2.48 190.4 6.49 - 8.56 7.46 26.66 139.4 0.26 
St.dev 0.76 0.03 0.33 67.8 1.33 0.00 1.61 4.02 4.72 27.7 0.16 
Autumn 
0 8.86 - 2.41 290.0 4.94 - 9.83 7.91 21.44 164.7 1.89 
15 8.20 0.03 2.30 158.7 5.24 - 7.51 5.17 24.57 160.9 1.90 
30 9.33 0.04 2.18 103.1 4.30 - 6.66 5.57 25.05 119.3 1.91 
45 9.62 0.04 2.62 87.72 6.26 - 8.21 7.71 30.58 157.7 1.92 
60 7.70 - 2.21 188.1 4.89 - 7.78 6.95 24.75 124.5 1.93 
Mean 8.74 - 2.34 165.5 5.13 - 8.00 6.66 25.28 145.4 0.18 
St.dev 0.79 0.02 0.18 80.6 0.72 0.00 1.17 1.24 3.30 21.7 0.10 
Winter 
0 8.65 0.03 2.16 168.0 5.91 - 7.40 5.13 22.30 129.5 1.94 
15 10.01 0.04 2.66 173.1 7.61 - 8.79 7.01 29.50 167.8 1.95 
30 9.18 - 1.90 218.5 6.62 - 7.61 4.91 22.20 112.5 1.96 
45 5.38 - 1.52 180.9 4.55 - 6.66 3.69 15.42 78.57 1.97 
60 5.64 - 1.63 196.1 5.17 0.50 6.41 5.28 19.53 84.22 1.98 
Mean 7.77 - 1.98 187.3 5.97 0.10 7.37 5.20 21.79 114.5 0.11 
St.dev 2.12 0.02 0.46 20.4 1.20 0.22 0.94 1.19 5.14 36.3 0.06 
 
were observed with As, Pb and Zn (Table 6).  However, in the 
Avintes beach, Ni was significantly correlated with Pb and Zn.
Performing a Friedman aligned rank test for repeated 
measures, in the majority of the elements, no significant 
differences in their concentrations along the profile between 
each season for each beach were observed. The exceptions 
were Cu concentrations for both beaches, and Pb and Zn 
concentrations for the Oliveira do Douro beach (Table 7). 
In the Oliveira do Douro beach, Cu, Pb and Zn concen-
trations were significantly different between the spring and 
summer seasons (Wilcoxon sign rank test p value = 0.018; 
0.018 and 0.017, respectively).  Furthermore, differences in 
concentrations of Cu between spring and winter, of Pb between 
summer and winter and of Zn between summer and autumn 
were found (Wilcoxon sign rank test p value = 0.036; 0.046; 
0.012, respectively). In summer, Cu, Pb and Zn concentrations 
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in the furthest sample from the margin (105m), which are richer 
in organic carbon, were found to be around double that of the 
other concentrations found along the profile.
In the Avintes beach significant differences in Cu concen-
trations were found between summer and autumn and between 
spring and winter (Wilcoxon sign rank test p value = 0.043 
and 0.043, respectively). 
Through the cluster analysis we observed that the locations 
furthest from the margin in both beaches (105m and 60m), 
grouped together into one distinct cluster that separated from 
all the others (Fig.3, cluster c). This result obtained in beaches 
that have the same geological context and surrounding area 
Table 5. Metal concentration (mg/kg) of estuarine samples from the Douro river 
obtained by a) Araújo et al. (2002), b) Mucha et al. (2004) and c) Mucha et al. 
(2003); from d) the KPAL database of U.K. Soils (Pye 2007) and e) National 
Interim Sediment Quality Guideline Value (Fortune 2006) (*polluted samples; 
n.d.a.: no data available). 
Table 6. Spearman’s correlation coefficient between metal concentrations along 
the profile in each beach  (Oliveira do Douro, n = 47; Avintes, n=30).
Table 7.  Friedman aligned rank test p-values for metal concentrations along 
the profile between each season for each beach (Oliveira do Douro, n = 47; 
Avintes, n=30).
could be useful in characterization of the cause of pollution, 
source and level of an eventual local contamination, helping in 
the identification of possible unknown materials by comparison 
of its composition, or helping in predicting the impacts on 
two contiguous ecosystems for future risk level evaluation. 
The locations furthest from the river presented the highest 
concentrations for all of the metals in both beaches. In spring, it 
was Pb and Zn, and in summer it was Pb; values at the furthest 
location are found to be around double the value found along 
the beach profiles in both seasons.  This can be correlated with 
the trend of the particle size distribution already described for 
the same beaches with a tendency to find the coarse sands 
near the river bank and progressively finer beach sediments at 
greater distances from the river margin (Carvalho et al., 2013b). 
The beach sediments taken from the furthest sampling point 
exhibited a prominent increase in the percentage of mud and 
higher percentages of carbon (Carvalho et al., 2013a; Carvalho 
et al., 2013b) (Table 4). Mucha et al. (2005) also found the 
same tendency, of having higher metal concentrations in 
sediment samples that were dominated by mud and also with 
relatively high levels of organic matter. Furthermore, it was 
possible to distinguish the samples from the Oliveira do Douro 
beach from the samples from the Avintes beach (Fig.3, cluster 
a and b). One exception was the Oliveira do Douro site at 60 
meters from the river, which grouped together with the Avintes 
samples. These results shows that the analysis of this group 
of metals (As, Co, Cr, Cu, Ni, Pb, Zn and Mn) were useful 
for discrimination between these two beaches. 
Geochemical analyses of the river beaches can verify if a 
specific environmental issue such as metal pollution derived 
from human settlements, agricultural plantations or mining 
areas, have an impact on beaches. If so, remediation efforts 
such as prevention, abatement and pollution control should 
be performed, and targeted, in order to greatly improve the 
affected areas.
 
 
 
 
Figure 3. Dendrogram of cluster analysis performed using the average metal 
concentrations from composite profile samples in Oliveira do Douro (OD) and 
Avintes (Av) river beaches in the North of Portugal according to distance from 
the river (Oliveira do Douro 0m, n = 3; Oliveira do Douro 15m, 30m, 45m, 
60m, 75m, 90m and 105m, n = 4; Avintes, n = 4; m: meters).
7978
Chapter III
Conclusions
This study showed that through the use of ICP analysis it 
is possible to obtain discrimination of two contiguous river 
beaches with similar environmental influences (river, underlying 
geology, similar use in the summer by citizens during the 
bathing seasons and upstream known exploited mineralization). 
The analysis can allow a useful characterization of the cause, 
source (anthropogenic or geogenic) and level of an eventual 
local contamination or environmental harm, and the impact 
on two contiguous ecosystems.
Through the analysis of sediments from two beaches, it 
was possible to discriminate samples from the furthest points 
of the river margin from the other samples along the profile. 
In estuaries, the time of the year could be relevant for 
evaluative/ comparative environmental purposes, because 
variation could appear to be mainly related to seasonal effects, 
namely those related to specific freshwater discharges of the 
river dam in the autumn/ winter seasons and associated floods 
and also to coastal water intrusions. On the present case, no 
seasonal influence was verified. However, further research 
covering more years would be more confirmatory.
Moreover, through the results from this baseline work, 
a geochemical database of these locations has been initiated 
which can subsequently be used for subsequent applications 
including criminal and environmental forensics. Although these 
results are very specific to the area, the high homogeneity in 
these beaches in relation to the distribution of sediments led 
us to collect samples along transects perpendicular to the river, 
where a clear fractionation of grain size occurs and can be seen 
to account for some local variability. The data obtained from 
these river beaches are the initiation of a more comprehensive 
Portuguese sediment database.
Acknowledgements
Áurea Carvalho thanks the Fundação da Ciência e Tecnologia 
(QREN-POPH-Type 4.1-Advanced Training, subsidized by the 
European Social Fund and national funds MCTES) for funding 
her PhD (SFRH/BD/61460/2009). Helena Ribeiro benefits 
from a scholarship (SFRH/BDP/43604/2008) financed by 
QREN-POPH and FCT. This work was supported by FEDER 
funds through the Operational Program Competitiveness Factors 
- COMPETE and National Funds through FCT - Foundation 
for Science and Technology in the project PEst-OE/CTE/
UI0039/2011- UI 39.  
The authors also would like to thank Jasmine Ross for 
her technical assistance and to the James Hutton Institute for 
hosting the laboratory analyses.
References
Alloway,  B.J. 1994. Heavy Metals in Soils. Second Edition 
edn. London: Springer. 
Araújo, M.,  Jouanneau, J-M., Valério, P., Barbosa, T., Gouveia, 
A., Weber, O., Oliveira, A., Rodrigues, A. and Dias, J. 
2002. Geochemical tracers of northern Portuguese estua-
rine sediments on the shelf. Progress in Oceanography 
52(2):277-297.
Birch, G. and Taylor, S. 1999. Source of heavy metals in 
sediments of the Port Jackson estuary, Australia. Science 
of the Total Environment 227(2):123-138.
Carvalho, Á., Ribeiro, H., Mayes, R., Guedes, A., Abreu, 
I., Noronha, F. and Dawson, L. 2013a. Organic Matter 
Characterization of Sediments in Two River Beaches from 
Northern Portugal for Forensic Application. Forensic 
Science International 233:403-415.
Carvalho, Á., Ribeiro, H., Guedes, A., Abreu, I. and Noronha, 
F. 2013b. Geological and palynological characterization 
of a river beach in Portugal for forensic purposes. In 
Environmental and Criminal Geoforensics, eds. D. 
Pierrie, A. Ruffel and L. A. Dawson, 384:87-95. London, 
Geological Society, Special Publications.
Dawson, L. A. and Hillier, S. 2010. Measurement of soil 
characteristics for forensic applications. Surface and 
Interface Analysis 42(5):363-377.
Elmer, P. 2001. The 30-minute Guide to ICP-MS. Shelton 
CT: Perkin Elmer.
Fortune, J. and Territory, N. 2006. Grainsize and Heavy Metal 
Content of Sediment in Darwin Harbour. Department of 
Natural Resources, Environment and the Arts.
Hogan, M. 2010. Heavy metal. Encyclopedia of Earth. National 
Council for Science and the Environment.
ISO11466. 1995. Extraction of trace elements soluble in aqua 
regia. Method for the estimation of element soluble in 
aqua regia based on BS7755. Section 3.9.
Jarvis, K. E., Wilson, H. E. and James, S. L. 2004. Assessing 
element variability in small soil samples taken during 
forensic investigation. In Forensic Geoscience. Principles, 
Techniques and Applications, eds. K. Pye and D. J. Croft, 
232(1):171-182. London, Geological Society, Special 
Publications.
Lim, W. Y., Aris, A. Z. and Tengku Ismail, T. H. 2013. Spatial 
Geochemical Distribution and Sources of Heavy Metals 
in the Sediment of Langat River, Western Peninsular 
Malaysia. Environmental Forensics 14(2):133-145.
Morgan, R. M. and Bull, P.A. 2006. Data interpretation in 
forensic sediment and soil geochemistry. Environmental 
Forensics 7(4):325-334.
Mucha, A. P., Bordalo, A. A. and Vasconcelos, M. T. S. 2004. 
Sediment quality in the Douro river estuary based on trace 
metal contents, macrobenthic community and elutriate 
sediment toxicity test (ESTT). Journal of Environmental 
Monitoring 6(7):585-592.
7978
Chapter III
Mucha, A. P., Vasconcelos, M. and Bordalo, A. A. 2003. 
Macrobenthic community in the Douro estuary: relations 
with trace metals and natural sediment characteristics. 
Environmental Pollution 121(2):169-180.
Mucha, A. P., Vasconcelos, M. and Bordalo, A. A. 2005. Spatial 
and seasonal variations of the macrobenthic community 
and metal contamination in the Douro estuary (Portugal). 
Marine Environmental Research 60:531-550.
Müller, H., Schwaighofer, B. and Kalman, W. 1994. Heavy 
metal contents in river sediments. Water, Air, and Soil 
Pollution 72(1-4):191-203.
Pereira, E. 1992. Carta Geológica de Portugal na escala 1/200 
000 and Notícia explicativa da folha 1. Lisboa: Serviços 
Geológicos de Portugal.
Pye, K. 2007. Geological and soil evidence: Forensic appli-
cations. Boca Raton: CRC press.
Pye, K. and Blott, S. J. 2004. Comparison of soils and sedi-
ments using major and trace element data. In Forensic 
Geoscience. Principles, Techniques and Applications, 
eds. K. Pye and D. J. Croft, 232(1): 183-196. London, 
Geological Society, Special Publications.
Pye, K., Blott, S. J. and Wray, D. S. 2006. Elemental analysis 
of soil samples for forensic purposes by inductively 
coupled plasma spectrometry—precision considerations. 
Forensic Science International 160(2):178-192.
Saye, S. E. and Pye, K. 2004. Development of a coastal dune 
sediment database for England and Wales: forensic appli-
cations. In Forensic Geoscience. Principles, Techniques 
and Applications, eds. K. Pye and D. J. Croft, 232(1): 
75-96. London, Geological Society, Special Publications.
Tarras-Wahlberg, H., Everard, M. and Harper, D.M. 2002. 
Geochemical and physical characteristics of river and 
lake [2pt] sediments at Naivasha, Kenya. Hydrobiologia 
488(1-3):27-41.
Teixeira, C and Carrington da Costa, J. 1957. Carta Geológica 
de Portugal na escala 1/50 000. Notícia explicativa da 
folha 9C - Porto. Lisboa: Serviços Geológicos de Portugal.
8180
8180
Original research
Chapter IV. Physical-chemical characterization of two river beaches from Douro 
estuary (Portugal) for environmental and forensic investigations.
Submitted to Science and Justice.
8382
8382
Chapter IV
Physical ‑chemical characterization of two river beaches from Douro 
estuary (Portugal) for environmental and forensic investigations
Áurea Carvalho1*, Helena Ribeiro1, Lorna Dawson2, Helena Sant’Ovaia1,3, Alexandra Guedes1,3, Ilda Abreu1,4, 
Fernando Noronha1,3
1Centro de Geologia da Universidade do Porto (CGUP), Portugal, Rua do Campo Alegre 687, 
4169 -007 Porto
2Environmental and Biochemical Sciences Group, the James Hutton Institute, Scotland, AB15 8QH
3Departamento de Geociências, Ambiente e Ordenamento do Território da Faculdade de Ciências da Universidade 
do Porto, Portugal, Rua do Campo Alegre 687, 4169 -007 Porto
4Departamento de Biologia da Faculdade de Ciências da Universidade do Porto, Portugal, Rua do Campo Alegre 
s/n, 4169 -007 Porto
Abstract: The resolution of several types of crimes generally deals with the comparison of trace evidence that has been transferred 
between the place where the crime was committed, the victim, the perpetrator and the instruments or alibi locations. There are 
different kinds of evidence that can be analyzed: one of those is physical evidence derived from sediment. Different techniques 
can be applied to the characterization of this type of material, including particle size distribution, magnetic susceptibility, colour, 
heavy minerals and chemical composition, among others.
Through the collection of seventy -seven samples from two river beaches located at the southern bank of the Douro River estuary 
in the North of Portugal, we investigated different properties of sediments and statistically analyzed the ability of these properties 
to distinguish between samples from both beaches.
From the results we conclude that particle size distribution is an appropriate technique to discriminate between samples from the 
different river beaches and also between the samples within each river beach. Discrimination between beaches was improved using 
magnetic susceptibility or geochemical analysis. Colour information as measured on dried milled unsieved bulk samples, together 
with information from particle size distribution proved to be particularly useful in discriminating between samples along a river 
beach profile. In summary, geochemistry and heavy mineral characterization can be also useful to ascertain the spatial location of 
a questioned sample. 
Keywords: Sediments; Particle size distribution; Magnetic susceptibility; Colour; Heavy minerals; Geochemistry.
1. Introduction
For many years, the study of soil properties has been carried 
out with the aim of improving agricultural production. Fortu-
nately, nowadays, it has a wider range of application allowing 
the knowledge to assist the field of crime scene investigations, 
environmental evidence, subsurface investigations, insurance 
claims (accidents, personal injury and property damage) and 
case settlements [1]. 
Soil includes both organic and inorganic components 
and the characteristics and proportions of these materials 
tend to vary in a unique manner making soil a potentially 
important type of information to provide intelligence to 
police investigations. Its use in criminal investigation has 
increased due to the automation of techniques which has led 
to the possibility of obtaining more information from even 
smaller samples. There are many techniques that can be used 
to study soils and sediments for criminal investigations. These 
include the analysis of particle size distribution, magnetic 
susceptibility, colour, heavy minerals and major and trace 
element composition, for example.
One or more samples of known origin, collected in an 
appropriate manner, called control or reference samples, are 
crucial for any investigation that deals with the comparison 
of questioned samples. This approach can be very useful to 
associate (or disassociate) a person or object with a crime 
scene [2]. Therefore, the characterization of sediments through 
different techniques and the construction of databases with such 
data is of great interest to help assist with rapid comparison 
of sediments, and reducing the number of search areas by 
knowing potentially areas of interest. Individual techniques 
used separately are normally insufficient to draw definitive 
conclusions about a possible comparability between samples, 
but they can be considered as part of a range of tools that can be 
used in combination [3].Therefore, this work aims to investigate 
the usefulness of a range of signatures in sediments from two 
river beaches located at the southern bank of the Douro River 
estuary in the North of Portugal for sample discrimination. 
Seventy -seven samples were collected and submitted to different 
Adress correspodence to Carvalho, Centro de Geologia da Uni-
versidade do Porto (CGUP), Portugal, Rua do Campo Alegre 687, 
4169-007 Porto. E-mail: aurea.carvalho@fc.up.pt
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types of analyses: particle size distribution by dry sieving, 
low -field magnetic susceptibility by a susceptibility mesuring 
meter, colour evaluation by a spectrophotometer, separation 
of heavy minerals and major and trace element composition 
by inductively coupled plasma mass spectrometry (ICP -MS). 
2. Materials and methods
2.1 Sample collection and handling
The sampling was carried out at two river beaches, Oliveira 
do Douro and Avintes, at the southern bank of the Douro River 
in Vila Nova de Gaia, near Porto, northern Portugal.
The surrounding geology is characterized by several 
distinct lithologies, the most important of which is the “Schist-
-graywacke complex”, composed of micaschists, metagraywa-
ckes, amphibolites and gneisses, ante -Ordovician in age and 
the Porto two -mica Hercynian granites (Fig.1).
Fig. 1. Location of Oliveira do Douro river beach and Avintes river beach (1 - 
Quaternary deposits; 2 -Quartz; 3 -Metamorphic rocks; 4 -Two -mica granites; 
5 -Biotitic granites; 6 -Douro River; 7 -River beach locations). Simplified geo-
logical map of Portugal, after Carta Geológica de Portugal de [4].
To account for seasonal variability, samples were collected 
in all seasons on both beaches and the same sampling procedure 
was followed on each date (2009/ 2010) more ore less in 
the same point. The samples were collected along a transect 
perpendicular to the river side and spaced 15 meters. In the 
Oliveira do Douro beach they were collected from eight 
locations and in the Avintes beach from five. The samples 
were manually collected from the surface topsoil (to a depth 
less than five centimeters) using a plastic spatula. The spatula 
was thoroughly cleaned after each sampling to avoid potential 
contamination between samples. 
The samples were dried at 40 °C in the laboratory, homoge-
nized and subsequently split into sub samples for the different 
analyses. To perform the colour and chemical composition 
analysis the sub samples were milled using a Retsch Mixer 
mill MM301 prior to analysis.
2.2 Particle size distribution
After the removal of leaves, twigs and other discrete 
organic features, the bulk samples were weighed prior to 
dry sieving. The sieving was carried out using a column of 
ten sieves, resulting in eleven size fractions for each sample: 
>32 mm; 32 -16 mm; 16 mm -8 mm; 8 mm -4 mm; 4 mm -2 
mm; 2 mm -1 mm; 1 mm -0.5 mm; 0.5 mm -0.25 mm; 0.25 
mm -0.125 mm; 0.125 mm -0.063 mm and <0.063 mm. Each 
individual size fraction was weighed after sieving. The data 
were analysed statistically using Microsoft Office Excel 2007 
and GRADISTAT software [4].
2.3 Magnetic susceptibility
Magnetic susceptibility was measured on 1g of dry bulk 
samples, applying an external magnetic field of 300 A/m to 
the sample, using a Kappabridge model KLY -4S of Agico 
balance equipped with the Sumean software. Five measurements 
were taken on each sample and the mean was calculated. 
All the results were expressed in m3/ kg. Before each set of 
measurements the equipment was calibrated.
2.4 Colour analysis
Colour analysis was carried out both on dried milled 
unsieved bulk samples (DMUBS) and dried milled ashed 
unsieved bulk samples (DMAUBS). Samples were ashed at 
700ºC for 12 hours in an electric furnace. The DMUBS and 
DMAUBS were homogenized and placed in a standard metal 
plate with a circular hole (10 mm diameter) and one colour 
measurement value was taken for each sample. 
Colour measurements were performed using a Konica 
Minolta CM -2600d spectrophotometer programmed with the 
following settings: measurement area of 0.8 mm diameter; 
specular component included; CIE Standard Illuminant D65 
representing average daylight with a correlated colour tem-
perature of approximately 6504 K, including the ultraviolet 
wavelength region; CIE 1964 Standard Observer (10° Obser-
ver). The spectrophotometer was set to take three sequential 
measurements, giving the colour parameter mean value. The 
spectrophotometer was calibrated prior to and during the 
sample measurements to take into account the influence of 
daylight variation. Zero calibration was performed by directing 
the spectrophotometer aperture into the room while white 
calibration was performed with an international standard 
calibration panel provided with the instrument. Red and mid 
grey Ceramic Colour Standards II and a Ceramic White tile 
previously calibrated by the manufacturer was also measured 
before each set of analysis to ensure the correct calibration of 
the apparatus. Two quality control soils were also measured 
with each set of samples. 
The recorded colour parameters correspond to the uniform 
colour space CIELAB (L* a* b*) and were directly computed 
by the spectrophotometer using the Spectramagic 3.1 software.
2.5 Heavy mineral analysis
Heavy mineral separation was carried out on the 0.5 
mm -0.25 mm size fraction using bromoform (d=2.89). The 
heavy minerals collected were washed and dried in an oven. The 
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magnetic minerals were separated using a hand magnet. Further 
magnetic separation of heavy minerals was carried out using a 
Frantz electromagnetic magnetic separator. Paramagnetic and 
diamagnetic fractions were separated using various amperages: 
0.2A, 0.4A, 0.6A, 0.8A and 1A. Each fraction was examined 
using a petrographic microscope. The paramagnetic fraction 
separated at 0.6A and the diamagnetic fraction of the spring 
season samples at both beaches were mounted onto microscope 
slides. The minerals were examined to determine their type and 
relative abundance (very abundant, abundant, low abundant 
and rare). When necessary, complementary SEM -EDS analyses 
were performed.
2.6 Major and trace element composition
The chemical composition of the sediments was determined 
by inductively coupled plasma – mass spectrometry (ICP -MS).
For the ICP -MS analyses a 2g of milled dried homogenized 
sample in a reflux digestion was used. During the digestion, 
anti -bumping granules, 0.5 -1ml of deionised (UHP) water, 
21ml of hydrochloric acid and 7ml of nitric acid were added 
to each sample. After the first reaction with the aqua regia, 
1ml of extra nitric acid was added to every 0.1g of organic 
carbon above 0.5g. The solution was put on a thermomantle 
with a condenser attached. 0.5M nitric acid was added to 
the absorption vessel to fill it to half way and the vessel was 
attached to the condenser. The samples were heated under 
reflux conditions during two hours. After cooling, 0.2ml of 
100mg l -1 gold solution was added to each sample. The contents 
and rinsings (0.5M nitric acid) in the absorption vessel were 
poured into an appropriate sample filter. The condenser was 
rinsed with 0.5M nitric acid and the same solvent was used 
to transfer the soil residue into the filter paper. The solution 
was diluted to 100ml in a graduated flask and the final matrix 
was 21% HCl:9%HNO3.
The dissolved samples were transferred to suitable contai-
ners for analysis using ICP -MS and the elements were analysed 
and reported in units of mg Kg -1.
2.7 Statistical analysis
All the statistical analysis were performed using the 
software SPSS (21.0) for the quantitative data that were obtained 
in this study (particle size distribution, magnetic susceptibility, 
colour and geochemical analysis). 
Trace element composition data was overall significantly 
correlated and consequently were subjected to a principal 
components analysis for dimension reduction into a set of 
uncorrelated components that represent most of the information 
found in the original variables. Subsequently the scores of 
the first three principal components were used in further 
statistical analysis.
A hierarchical cluster analysis was performed in order to 
ascertain if it was possible to obtain discrimination: i) between 
composite season samples from both beaches and ii) between 
composite samples along a profile of each beach in each season, 
using the techniques that were applied. The cluster analysis 
was performed on standardized values in order to reduce the 
effects of scale, and the number of clusters was determined 
using: i) the squared Euclidean distance as a distance measure 
and ii) Ward´s method as a linking method.
3. Results and discussion
3.1 Particle size distribution
The sediment samples can exhibit a considerable range of 
particle sizes and the relative abundance of each size range is 
characteristic of a specific sediment [2]. The determination of 
particle size distribution can also provide important clues about 
the sediment provenance, transport and depositional conditions, 
while also having the advantage of being a non -destructive 
method [3]. 
The Oliveira do Douro beach particle size distribution, 
in all the sampling profiles collected along the year, was 
homogeneous. However some differences for samples taken 
from different locations along the sampling profiles were 
observed. The percentage of gravel ranged between 25% 
(summer) and 42% (winter), the percentage of sand ranged 
between 58% (winter) and 74% (winter), and the percentage 
of mud (silt plus clay) ranged between 0 % (autumn) and 
5% (summer) (Table 1, Fig. 2). The particle size descriptive 
parameters showed a mean size distribution between [ -0.39 
(autumn/winter); 0.01Ø (summer)]. The sediment sorting ranged 
between [0.82 (winter); 1.70Ø (summer)], the skewness ranged 
between [ -0.13 (autumn); 0.28Ø (summer)] and the kurtosis 
ranged between [0.76 (spring/ summer); 1.29Ø (summer)]. 
In Avintes, the differences found for samples taken from 
different locations along the sampling profiles showed that 
sediments were more heterogeneous than at the Oliveira do 
Douro beach. The percentage of gravel ranged between 11% 
(winter) and 59% (autumn), the percentage of sand ranged 
between 41% (autumn) and 88% (winter), and the percentage 
of mud ranged between 0% (autumn) and 14% (spring) (Table 
1, Fig. 2). The particle size descriptive parameters showed 
a mean size distribution between [ -1.32 (autumn); 1.00Ø 
(spring)]. The sediment sorting ranged between [0.65 (winter); 
2.73Ø (spring)], the skewness ranged between [ -0.37 (autumn); 
0.23Ø (spring)] and the kurtosis ranged between [0.72 (spring/ 
autumn); 1.57Ø (autumn)]. The frequency and cumulative 
curves of the particle size distribution from all sampling 
profiles collected throughout the year were observed to be less 
coincident than in Oliveira do Douro (Fig. 2). The variation is 
also higher in Avintes once the range between the percentage 
of gravel, sand and mud is higher. Avintes is located further 
upstream compared with Oliveira do Douro, being also closer 
to the Crestuma -Lever dam. The water discharged by the dam 
passes through Avintes beach with higher speed and transport 
capacity. This is likely to be the main reason for the higher 
levels of heterogeneity that were found in these sediments.
8786
Chapter IV
In general, samples from both beaches were characterized 
as being very coarse, poorly sorted sands, except for two cases 
at the Avintes beach, where the gravel percentage was higher 
than the sand percentage. The small amount of fine sediments 
shows that both beaches are dynamic. Also in both beaches, 
the majority of the samples showed a symmetrical distribution 
(Fig. 2). However, related to the kurtosis there were variations: 
Oliveira do Douro presented mesokurtic, platikurtic and 
leptokurtic curves. The mesokurtic was the most prevalent 
at Oliveira do Douro while at Avintes the leptokurtic was the 
most prevalent (Table 1, Fig. 2). Avintes presented mesokurtic, 
platikurtic, leptokurtic and very leptokurtic curves. Jesus [6], 
also saw that sediments which faced towards the river had 
leptokurtic curves.
As previously observed on the spring samples from Oliveira 
do Douro by Carvalho et al. [7], in both beaches and in all 
seasons, coarser sediments were found near the river bank and 
progressively finer sediments were found at greater distances 
from the river bank. The sediments taken from the sampling 
points at the end of each profile consequently exhibited an 
increase in the percentage of mud. 
Table 1. 
Descriptive analysis (after Folk and Ward, 1957) of the data related to the particle size distribution of the samples collected along the sampling profiles in the 
Oliveira do Douro and in the Avintes river beaches (*Sample not obtained). 
Beach Oliveira do douro Avintes 
Distance from the river (meters) 0m 15m 30m 45m 60m 75m 90m  105m  0m 15m 30m 45m 60m 
Spring 
MEAN (φ) -0.28 -0.27 -0.23 -0.16 -0.18 -0.21 -0.32 -0.21 -0.59 -0.79 -0.50 0.30 1.00 
SORTING (φ) 1.14 1.17 1.13 1.18 1.18 1.10 1.01 1.31 1.29 1.79 1.65 1.72 2.73 
SKEWNESS (φ) 0.01 -0.01 -0.01 -0.04 -0.02 0.01 0.00 0.10 -0.08 -0.32 -0.10 -0.08 0.23 
KURTOSIS (φ) 0.90 0.86 0.89 0.90 0.90 0.90 0.76 1.10 0.87 0.72 1.22 1.24 1.34 
MODE 1 (µm): 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 2400.0 605.0 1200.0 605.0 605.0 
D10 (µm): 521.5 512.0 513.1 326.1 325.8 518.1 549.6 321.9 545.2 336.7 317.0 252.6 27.9 
D50 (µm): 1218.1 1204.9 1161.7 1086.5 1113.8 1155.7 1243.7 1163.7 1368.6 1166.9 1243.2 703.9 648.4 
D90 (µm): 2761.9 4193.8 2708.2 2729.8 2743.6 2633.5 2770.0 2741.4 4797.2 9435.0 5234.5 4402.8 4497.3 
% GRAVEL: 35.8 37.1 30.4 27.9 29.2 28.6 37.0 32.0 48.2 40.0 40.6 27.4 25.6 
% SAND: 63.5 62.7 69.5 71.5 69.8 70.7 62.5 64.6 51.5 59.5 57.5 68.8 60.3 
% MUD: 0.7 0.2 0.1 0.7 1.0 0.7 0.5 3.5 0.3 0.5 1.8 3.8 14.1 
Summer 
MEAN (φ) * -0.30 -0.20 -0.13 -0.18 -0.21 -0.30 0.01 -0.58 0.55 0.05 -0.02 -0.23 
SORTING (φ) * 0.98 1.18 1.17 1.22 1.30 1.16 1.70 1.24 0.98 1.63 1.66 1.93 
SKEWNESS (φ) * -0.11 -0.01 -0.03 -0.02 0.07 -0.01 0.28 -0.21 -0.12 0.19 0.20 0.03 
KURTOSIS (φ) * 0.76 0.91 0.93 0.94 1.09 0.91 1.29 0.74 1.14 1.21 1.20 1.31 
MODE 1 (µm): * 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 605.0 1200.0 1200.0 1200.0 
D10 (µm): * 554.7 341.7 314.6 315.2 329.7 525.3 150.4 540.8 300.8 262.0 269.8 261.0 
D50 (µm): * 1220.9 1136.5 1067.4 1116.7 1156.6 1229.2 1154.8 1306.2 664.0 1070.7 1133.0 1117.1 
D90 (µm): * 2695.5 2763.4 2658.3 2765.9 2733.2 4201.8 4087.5 4978.7 2201.1 4187.6 4663.5 5140.5 
% GRAVEL: * 33.8 30.1 25.2 29.1 30.6 36.9 33.6 44.2 13.2 29.3 33.7 33.4 
% SAND: * 66.1 68.8 73.5 69.3 67.7 62.1 61.5 55.3 86.6 68.7 63.6 63.7 
% MUD: * 0.1 1.1 1.3 1.6 1.7 1.0 4.9 0.5 0.2 2.0 2.7 2.9 
Autumn 
MEAN (φ) -0.27 -0.39 -0.33 -0.25 -0.18 -0.24 -0.30 -0.34 -1.32 -0.32 0.11 -0.03 -0.25 
SORTING (φ) 1.12 1.03 1.06 1.21 1.20 1.15 1.16 1.29 1.80 1.28 1.28 1.79 1.51 
SKEWNESS (φ) -0.03 -0.13 -0.13 -0.01 -0.01 -0.03 -0.04 -0.06 -0.12 -0.11 -0.37 0.13 0.03 
KURTOSIS (φ) 0.90 1.07 0.77 0.92 0.95 0.92 0.92 1.07 0.72 1.00 1.57 1.35 1.23 
MODE 1 (µm): 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 605.0 1200.0 1200.0 
D10 (µm): 529.8 577.0 545.6 346.3 322.5 517.6 529.8 523.1 565.3 527.3 294.9 264.5 288.3 
D50 (µm): 1191.7 1290.9 1238.5 1177.6 1118.5 1166.1 1212.2 1262.8 2341.6 1230.6 703.2 1129.4 1193.0 
D90 (µm): 2764.9 4534.4 4448.1 4258.0 2714.8 2765.9 4338.4 4746.2 17147.2 4875.8 2715.8 4950.9 4727.0 
% GRAVEL: 32.3 41.3 37.4 33.7 28.1 30.2 34.4 40.0 59.0 39.1 20.3 33.9 37.0 
% SAND: 67.0 58.7 62.5 65.3 70.5 69.3 64.8 58.6 41.0 60.3 78.9 63.5 60.6 
% MUD: 0.7 0.0 0.1 1.0 1.4 0.5 0.8 1.4 0.1 0.6 0.8 2.6 2.3 
Winter 
MEAN (φ) -0.39 -0.19 -0.37 -0.14 -0.17 -0.20 -0.25 -0.28 -1.20 -0.34 -0.20 0.09 -0.22 
SORTING (φ) 0.82 1.12 1.03 1.20 1.17 1.15 1.17 1.20 1.90 1.79 1.17 0.65 0.99 
SKEWNESS (φ) 0.01 -0.04 -0.09 -0.04 0.00 0.00 0.00 0.03 -0.07 -0.17 -0.05 0.21 -0.14 
KURTOSIS (φ) 0.88 0.91 1.09 0.90 0.91 0.92 0.93 0.95 0.80 0.77 0.93 0.88 0.73 
MODE 1 (µm): 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 1200.0 605.0 605.0 1200.0 1200.0 1200.0 
D10 (µm): 608.1 514.0 553.9 308.1 323.3 504.3 511.2 505.3 530.8 292.6 508.8 538.8 535.1 
D50 (µm): 1286.3 1117.9 1298.4 1077.6 1109.6 1134.7 1181.8 1224.9 2161.7 1120.7 1125.1 1075.2 1144.3 
D90 (µm): 2652.5 2678.4 4325.7 2739.7 2676.5 2686.9 2765.7 4104.8 16241.7 8923.6 2764.1 2084.4 2645.5 
% GRAVEL: 38.7 26.2 42.2 28.1 28.1 28.4 32.5 37.1 53.7 39.7 28.4 11.4 28.1 
% SAND: 61.1 73.6 57.6 71.3 70.7 70.7 66.5 60.9 46.1 58.9 71.0 88.4 71.1 
% MUD: 0.3 0.2 0.2 0.6 1.1 0.9 1.0 2.0 0.2 1.3 0.6 0.2 0.8 
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3.2 Magnetic susceptibility
The latent magnetism of geological materials is known as 
magnetic susceptibility (MS) and it is related to iron content 
in mineral structure [9]. MS is defined as the ratio of the 
material magnetization (per unit mass) to the weak external 
magnetic field, and in sediments, it is directly proportional 
to the quantity, composition and grain size of minerals in the 
sample [10]. Its use in geoscience has been performed due 
to the fact that it is a rapid, simple, economic, sensitive and 
non -destructive technique [11] and, in the last few years has 
also become used to detect polluted regions and their spatial 
and temporal variation [12].
Low values of MS in both beaches were obtained, which 
is in agreement with its mineralogical composition. At the 
Avintes beach MS values ranged between 2.0x10 -8m3/kg and 
Fig. 2 . Frequency (a, c) and cumulative (b, d) curves of particle size distribution from the samples collected along the sampling profiles (Sp=spring; Su=summer; 
A=autumn; W=winter).
 
!  
  
Oliveira do Douro
Avintes
a)
d)c)
b)
Table 2.
Magnetic susceptibility values (means) of the samples collected along the sampling profiles in the Oliveira do Douro and in the Avintes river beaches (*Sample 
not obtained).
Beach Oliveira do Douro Avintes
Distance from the river (meters) 0m 15m 30m 45m 60m 75m 90m  105m 0m 15m 30m 45m 60m
 Spring 3.45 3.97 8.37 9.53 5.35 6.99 3.01 6.64 8.14 69.45 25.35 10.79 20.96
Bulk samples Summer * 3.76 3.06 8.20 10.83 2.37 3.01 10.88 7.08 5.74 17.31 24.40 21.99
(x10 -8 m3/kg) Autumn 2.74 3.05 8.61 9.37 5.46 7.19 4.46 7.04 28.04 2.04 8.62 10.06 29.62
 Winter 2.38 4.22 7.97 8.03 6.89 16.82 16.22 13.01 17.05 20.46 10.77 2.54 7.67
3.3 Colour analysis
Colour is one of the potentially powerful sediment proper-
ties that can be used for the discrimination of samples, with the 
advantages of being non -destructive, quick, cheap and easily 
reproducible [13-15]. Sediment colour, in which the pedogenic 
environment and history are reflected, can be attributed to a 
mixture of sediment materials and it is commonly available 
in soil/sediment databases [15]. 
69.5x10 -8m3/kg (autumn and spring, respectively). These values 
were higher than at the Oliveira do Douro beach where MS 
values ranged between 2.4x10 -8m3/kg and 16.8x10 -8m3/kg 
(summer and winter, respectively) (Table 2). In beach sands 
from Atlantic coastal areas of NW Portugal similar values 
were obtained by Guedes et al. [13].
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Table 3.
Descriptive statistics of L*a*b* indices measured on 77 samples collected in Oliveira do Douro and Avintes river beaches (#Sample not obtained).
Beach Oliveira do Douro Avintes 
Distance from the river (meters) 0m 15m 30m 45m 60m 75m 90m  105m  0m 15m 30m 45m 60m 
Spring 
DMUBS 
L* 67.4 66.9 68.6 69.7 66.1 68.1 67.9 63.8 69.6 65.1 64.5 60.9 53.7 
a* 2.6 3.1 2.6 2.8 2.8 2.6 2.6 3.0 2.9 3.4 3.0 3.7 3.9 
b* 15.1 15.3 13.9 15.0 14.4 14.4 13.8 14.1 14.9 16.0 15.5 16.4 16.4 
DMAUBS 
L* 66.1 64.5 64.5 65.7 63.6 65.5 65.7 65.5 68.6 60.1 63.9 62.4 57.5 
a* 11.6 11.5 11.2 12.0 12.3 11.6 11.5 12.6 12.0 12.6 13.3 14.4 17.0 
b* 22.5 21.6 21.2 22.9 22.9 21.9 21.5 23.7 22.7 22.4 23.8 24.9 27.5 
Summer 
DMUBS 
L* # 70.5 64.3 62.8 61.8 61.5 66.6 56.2 65.2 66.1 62.1 65.5 60.5 
a* # 2.1 3.2 3.6 3.4 3.5 2.8 3.5 2.9 3.2 3.3 3.1 4.2 
b* # 13.7 15.2 16.2 15.8 15.7 14.1 14.2 15.4 16.3 15.8 15.1 17.6 
DMAUBS 
L* # 67.4 62.3 60.2 59.5 60.7 64.7 61.9 64.9 63.5 61.4 66.2 62.0 
a* # 10.1 12.3 13.4 13.9 12.5 12.3 14.0 12.9 13.3 13.8 12.3 15.2 
b* # 20.1 22.1 23.5 24.0 22.2 22.6 25.2 23.7 23.9 24.1 23.2 25.7 
Autumn 
DMUBS 
L* 68.0 71.7 65.3 62.5 68.5 62.9 67.9 54.2 71.0 63.8 61.7 59.8 64.9 
a* 2.6 2.1 3.3 3.0 2.6 3.4 2.6 3.5 2.5 3.8 3.3 3.8 3.0 
b* 14.7 12.7 14.7 14.7 14.1 15.3 14.0 13.0 13.6 16.8 15.9 16.7 15.1 
DMAUBS 
L* 63.8 68.6 63.5 61.9 65.0 60.8 67.2 59.3 67.2 62.0 61.0 60.3 65.0 
a* 12.2 9.9 12.0 12.2 12.0 12.3 11.9 13.7 11.0 13.1 13.2 13.9 12.6 
b* 22.6 19.7 21.8 22.3 22.4 22.3 22.3 23.6 20.2 23.3 22.5 24.0 22.7 
Winter 
DMUBS 
L* 64.9 66.4 68.9 66.4 63.8 63.6 64.3 59.3 66.9 66.0 69.1 70.2 66.6 
a* 3.0 3.4 2.5 2.7 3.5 3.3 3.0 3.6 3.4 3.2 2.6 2.3 2.9 
b* 14.9 16.1 13.7 14.5 15.9 15.0 14.5 14.3 16.3 16.2 13.9 13.6 14.4 
DMAUBS 
L* 65.1 64.6 66.7 63.3 60.8 62.9 63.6 61.6 63.6 63.5 67.5 67.7 66.1 
a* 11.8 11.6 10.9 12.6 13.3 12.5 12.2 13.0 12.7 13.4 11.4 10.9 11.8 
b* 22.2 22.1 21.2 23.4 23.3 23.0 22.2 23.3 22.9 24.1 21.5 20.8 21.9 
	  
Considering the L*a*b* system colour sphere, in both 
beaches, during all the year and independently from the 
sample pre -treatment, (Fig. 3; Table 3), the analyzed samples 
presented a colour closest to red and yellow continuums and 
a lightness close to the pale side of the L*a*b* system colour 
sphere. Similar results were also obtained on coastal sands from 
Portugal by Guedes et al. [16] on dried, unsieved bulk samples 
(DUBS) and on ashed bulk, unsieved samples (ABUS). The 
analysis of the chromaticity diagram shows the importance of 
considering how samples are treated when comparing unknown 
samples with databases. Figure 3 clearly shows that there is a 
separation between samples with the different pre -treatments. 
However, distinction between the Oliveira do Douro and Avintes 
beaches is not possible. It was observed that DMAUBS has 
the highest a* and b* values. Sugita & Marumo [15] showed 
that ashing as another pretreatment option, soil makes them 
more reddish.
Considering the colour parameters, L* values measured in 
DMUBS in Oliveira do Douro beach varied between 72 and 
54 (autumn), a* values varied between 3.6 and 2.1 (summer/ 
winter and summer/ autumn, respectively), b* between 16 and 
13 (summer and autumn, respectively). In the Avintes beach, 
L* values measured varied between 71 and 54 (autumn and 
spring, respectively), a* values varied between 4.2 and 2.3 
(summer and winter, respectively), b* between 18 and 14 
(summer and autumn/ winter, respectively) (Table 3). 
L* values measured in DMAUBS in Oliveira do Douro 
beach varied between 69 and 59 (autumn), a* values varied 
between 14 and 10 (summer and autumn, respectively), b* 
between 25 and 20 (summer and autumn, respectively). In 
Avintes beach, L* values measured varied between 69 and 
58 (spring), a* values varied between 17 and 11 (spring and 
winter, respectively), b* between 28 and 14 (spring and autumn, 
respectively) (Table 3). 
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Fig. 4 . Dendrogram of cluster analysis performed using the average values from composite season samples obtained through different methodologies of colour 
analysis a) milled and b) milled and ashed samples in the Oliveira do Douro (OD) and Avintes (Av) beaches in the North of Portugal (Sp=spring; Su=summer; 
A=autumn and W=winter).
a) b)
Fig. 3 . Chromaticity diagram: scatter plot of a* and b* values measured on 
different studied samples from Oliveira do Douro and Avintes river beaches 
in the North of Portugal (M&AAv=milled and ashed samples from Avintes 
river beach; M&AOD=milled and ashed samples from Oliveira do Douro river 
beach; MAv=milled samples from Avintes river beach; MOD=milled samples 
from Oliveira do Douro river beach).
Furthermore, when performing a cluster analysis using each 
colour analysis methods, DMUBS allowed for better discrimina-
tion between samples from both beaches when compared with 
DMAUBS (Fig. 4). Therefore, only the DMUBS results were 
further considered in the subsequent analysis.
3.4 Heavy mineral analysis
Heavy minerals have their provenance in magmatic and 
metamorphic rocks, having a density higher than 2.9. In sediments 
they occur normally in low percentages and its presence works 
as an indicator of sedimentary origin and associated dynamics 
[17]. Thereby, they are used in forensic studies as microscopic 
trace evidences where it is important to find the kind of rocks 
that were eroded to produce them [1]. 
Different heavy minerals were identified in the Oliveira do 
Douro and Avintes beaches (Table 4). The results indicate that 
although the heavy mineral assemblages did not vary significantly 
along the sampled profiles, minerals such as chlorite, epidote, 
staurolite, tourmaline, monazite, sphene, fibrolite and anatase 
were only identified in Oliveira do Douro while minerals such 
as carbonates and rutile were only identified in Avintes beach 
samples. Noteworthy, is the relatively high amount of the rock 
fragments that were present in the Avintes beach samples (Table 
4). Other heavy minerals such as magnetite, zircon, ilmenite, 
augite, andalusite, biotite, hematite and limonite were  identified 
at both beaches.
Amphibolites and micashists from the “Schist -graywacke 
complex” could be the source of minerals such as biotite, augite, 
andalusite and staurolite.
3.5 Major and trace element composition
The inorganic fraction of sediments has the advantage of 
being inert and not likely to be perturbed by time and storage 
[18] which means that a chemical analysis can obtain a truly 
geochemical signature. The multi-element geochemical data 
obtained can also yield sensitive environmental indicators. 
However, for forensic comparisons it should be used in 
combination with other procedures, as two soil samples will 
rarely show perfect chemical similarity [19]. The particle size 
distribution of samples should also be standardized where the 
chemical analysis is performed since different elements often 
occur in different particle size ranges. Thereby, minerals that 
have higher concentrations of trace elements such as micas, 
clay and heavy minerals are normally concentrated in finer 
particle sizes [20].
In Table 5 we present major and trace elemental compo-
sitions of samples from the Oliveira do Douro and Avintes 
river beaches. Data concerning other elements were already 
presented in Carvalho et al. [21].
In general, the results showed that the geochemical com-
positions were similar in both (Table 5, Fig.5) In both cases 
the sediments were largely composed by quartz in the coarser 
fractions (>0.06mm) and by clay minerals in the finer ones 
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(<0.06mm) and consequently they were richer in Al and other 
major elements like Fe, Mg, K , if they come from a further 
distance from the river. Higher values of Ca are related to the 
presence of carbonates, namely as seen at the Avintes beach. 
The low values found for Na, Sr and Ba indicated the absence of 
feldspars. Other elements are related to the presence or absence 
of accessory heavy minerals in the sediments; Ti is related with 
ilmenite, rutile, sphene and magnetite. The low values of P and 
B are compatible with the very scarce presence of minerals 
such as tourmaline and apatite. The S and Mo content can be 
related with sulfides.
Table 4. 
Relative abundances of the heavy minerals presented in the Oliveira do Douro and in the Avintes river beaches ((++)=very abundant; (+)=abundant; ( -)=not abun-
dant and (—)= rare).
The elements with values close to the limits of detection 
like Ag were not included in the statistical analysis. 
Elemental contents like As, Co, Cr, Cu, Ni, Pb, Mn and Zn 
at both beaches are already discussed in Carvalho et al. [18].
3.6 Statistical analysis 
3.6.1 Discrimination between composite season samples from 
both beaches 
Using each analytical technique separately it was not possible, 
by cluster analysis, to obtain a complete discrimination of the 
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   Major elements Trace elements 
Beach Season DFR (m) Al Ca Fe Mg Na K P Ti S B Ag Mo Se Ba Sr 
O
liv
ei
ra
 d
o 
D
ou
ro
 
Spring 
0 5259.33 525.87 7632.00 1197.33 300.77 1644.67 165.43 275.30 46.01 8.69 0.04 5.52 0.09 28.47 6.91 
15 4188.67 438.50 7816.33 1123.33 244.77 1245.33 122.87 232.63 23.50 9.39 0.03 7.04 0.05 18.61 5.64 
30 4283.67 453.53 7499.00 1201.00 166.57 1435.33 108.99 247.80 15.68 8.70 0.03 6.72 0.04 19.74 5.78 
45 5065.00 516.53 7876.00 1233.33 141.44 1788.67 133.60 320.87 - 9.61 0.01 5.09 0.03 37.08 5.91 
60 4902.67 547.90 8575.67 1386.67 111.02 1525.67 154.00 323.73 - 12.21 0.02 5.53 0.01 30.83 5.71 
75 4401.33 503.30 7654.00 1125.50 103.63 1420.33 149.33 256.60 11.33 9.40 0.02 6.96 0.03 26.89 5.19 
90 3486.67 397.13 6346.67 925.67 77.19 1107.67 106.37 195.47 7.56 7.31 0.02 6.83 0.03 18.96 4.42 
105 6147.33 840.43 8932.33 1474.00 157.24 1972.67 252.73 328.23 41.52 9.95 0.03 5.66 0.07 33.60 7.60 
Summer 
0 * * * * * * * * * * * * * * * 
15 3784.00 383.30 6680.00 973.30 134.60 1162.00 95.23 190.80 - 8.71 0.03 9.30 - 19.39 5.37 
30 4044.00 495.40 7190.00 1181.00 72.40 1176.00 137.60 231.50 17.60 7.03 0.02 4.75 - 19.47 6.01 
45 5213.00 606.10 8672.00 1459.00 85.03 1461.00 182.90 357.60 15.06 9.48 0.40 4.28 - 31.74 6.02 
60 5381.00 687.30 9179.00 1647.00 70.08 1519.00 227.40 385.00 18.57 10.86 0.03 3.48 0.05 33.68 6.19 
75 4705.00 617.30 7720.00 1308.00 78.10 1242.00 207.20 283.90 24.76 12.17 0.03 4.86 0.04 25.67 5.35 
90 4389.00 520.20 7868.00 1167.00 91.11 1435.00 153.40 268.30 16.87 12.93 0.03 6.33 - 26.13 5.27 
105 9112.00 2001.00 12440.00 2288.00 171.90 2632.00 570.00 506.70 161.20 18.02 0.08 6.70 0.07 54.71 13.12 
Autumn 
0 4492.00 474.40 8009.00 1196.00 95.88 1318.00 147.20 228.50 20.24 8.56 0.02 6.68 0.15 23.56 6.79 
15 3185.00 548.50 5326.00 755.00 97.44 1091.00 154.60 133.70 - 8.28 0.02 7.04 - 19.62 6.44 
30 3361.00 501.50 5951.00 880.50 62.40 978.60 109.80 175.20 7.53 8.18 0.01 4.60 0.02 17.55 5.47 
45 4831.00 620.70 8365.00 1526.00 75.88 1439.00 192.20 352.00 40.42 12.98 0.03 5.91 - 32.13 5.93 
60 5458.00 633.20 9343.00 1377.00 124.80 1642.00 169.00 300.50 23.45 10.05 0.03 10.26 0.02 32.92 7.23 
75 4143.00 453.40 7399.00 1182.00 66.12 1153.00 129.60 250.20 16.55 9.06 0.02 4.07 0.05 26.21 4.66 
90 4655.00 479.30 8155.00 1282.00 118.50 1574.00 138.10 266.10 14.81 11.38 0.02 7.71 - 28.17 5.87 
105 5538.00 999.70 8937.00 1542.00 57.58 1437.00 292.20 297.70 86.42 10.05 0.04 3.33 0.12 33.71 7.23 
Winter 
0 3575.00 412.00 6235.00 981.50 67.55 1005.00 110.20 195.50 12.88 5.77 0.03 5.30 0.08 28.18 5.63 
15 3439.00 432.30 6362.00 879.40 75.26 891.90 115.00 159.40 6.63 5.66 - 6.74 0.02 18.44 4.85 
30 3932.00 601.20 6992.00 1024.00 106.40 1233.00 103.80 223.30 5.19 6.04 0.03 7.05 - 20.20 6.68 
45 4915.00 575.20 9037.00 1405.00 102.00 1595.00 179.30 298.60 14.08 9.88 0.02 6.19 - 30.12 5.60 
60 4812.00 548.80 8220.00 1400.00 89.23 1348.00 174.80 314.30 17.18 9.94 - 4.51 0.01 30.72 5.84 
75 4753.00 538.70 8280.00 1319.00 90.54 1424.00 162.10 279.40 26.11 9.11 0.03 6.02 - 31.60 6.88 
90 4141.00 497.20 7697.00 1184.00 86.51 1190.00 158.50 255.30 22.89 9.09 0.02 8.51 0.04 33.45 5.88 
105 4682.00 802.20 7912.00 1273.00 71.47 1315.00 230.30 283.50 37.19 10.17 0.02 4.27 - 29.95 9.04 
A
vi
nt
es
 
Spring 
0 5421.00 886.20 8902.00 1281.00 136.10 1691.00 143.40 273.70 7.21 9.40 0.04 7.40 0.01 26.83 7.91 
15 4423.00 774.20 9344.00 1227.00 91.35 1175.00 181.00 440.40 - 9.73 - 4.45 0.04 20.50 6.63 
30 6256.00 1146.00 10430.00 1549.00 117.00 1586.00 354.70 501.40 33.60 12.64 0.02 5.88 0.06 25.54 8.51 
45 5681.00 851.40 9004.00 1553.00 70.70 1401.00 276.30 329.20 37.71 9.18 - 4.18 0.01 23.20 6.15 
60 10850.00 1589.00 13970.00 2604.00 122.60 2129.00 505.30 531.80 159.90 16.56 0.09 2.61 0.17 36.72 12.25 
Summer 
0 4744.00 553.00 8317.00 1215.00 95.96 1329.00 146.50 241.00 23.73 10.30 - 7.42 0.04 21.14 6.82 
15 4393.00 733.40 7554.00 1237.00 91.50 1111.00 210.40 266.90 15.73 8.36 0.03 4.46 0.03 19.96 6.41 
30 4605.00 753.10 8036.00 1296.00 69.72 1231.00 241.10 308.10 31.09 7.05 - 3.52 0.02 22.27 6.56 
45 6706.00 948.60 10460.00 1563.00 135.10 1837.00 273.40 412.70 51.49 13.42 0.04 7.12 - 27.88 9.07 
60 7067.00 1029.00 10360.00 1484.00 97.39 1544.00 296.80 381.00 56.94 14.62 0.03 7.32 - 24.40 9.65 
Autumn 
0 4800.00 872.10 9795.00 1155.00 130.00 1600.00 152.10 437.60 - 11.15 - 8.52 - 31.56 7.59 
15 5030.00 617.90 8467.00 1296.00 75.48 1264.00 152.30 252.30 23.68 10.94 - 4.56 0.02 21.35 6.68 
30 4754.00 784.00 7715.00 1332.00 63.24 1209.00 235.10 288.80 20.67 7.61 - 3.58 0.04 15.71 6.73 
45 6279.00 1034.00 9430.00 1668.00 78.49 1465.00 341.30 423.10 45.28 12.50 - 3.05 0.03 18.48 8.02 
60 5148.00 725.20 8121.00 1236.00 101.60 1454.00 169.20 315.10 29.82 6.89 0.07 5.70 0.11 19.08 7.74 
Winter 
0 4513.00 788.67 8853.00 1231.00 98.03 1252.00 145.87 302.00 7.86 10.55 0.09 5.59 0.11 20.43 6.83 
15 5964.67 1415.33 10471.33 1546.67 115.33 1566.67 254.97 426.93 24.90 13.83 0.12 5.72 0.12 25.25 9.99 
30 4644.67 819.53 7872.33 1148.33 117.56 1510.33 138.43 274.90 13.69 9.66 0.04 6.93 0.08 22.33 7.17 
45 3577.00 558.53 6266.33 881.93 87.31 1111.07 109.16 179.70 - 9.32 0.01 6.58 0.05 19.82 5.06 
60 4128.33 499.40 6888.33 994.73 83.88 1203.67 116.80 201.80 17.05 7.52 0.04 6.12 0.09 20.76 5.84 
	  
Table 5. 
Major and trace elemental compositions (mg/kg) of samples collected along the profiles in the Oliveira do Douro and in the Avintes river beaches (DFR=Distance 
from the river; m meters;  - below the detection limit; *Sample not obtained).
samples from the two beaches. However, using particle size 
distribution the samples collected in the summer (at both beaches) 
grouped together. Samples from other seasons from the Oliveira 
do Douro beach were clustered together and separated from the 
Avintes beach samples. Discrimination between spring, autumn 
and winter samples of the Avintes beach was also possible using 
the particle size distribution technique (Fig. 6a). 
When cluster analysis was performed combining different 
techniques, it was observed that only by combining the particle 
size distribution and the magnetic susceptibility data, or by 
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Fig. 5. Major and trace mean concentrations found in sediments of two river beaches in northern Portugal, the Oliveira do Douro and the Avintes river beaches 
during sampling performed in the four seasons of the year. 
combining the particle size distribution and the major and trace 
element composition data that a separation of samples from 
both beaches was achieved (Fig.6b and 6c). Furthermore, by 
including the major and trace elemental composition data with 
the particle size distribution a clear discrimination between 
beaches was achieved in addition to a separation between 
seasons within both beaches (winter/autumn vs spring/summer). 
Therefore, in the case of our river sediments it can be possible 
to identify a seasonal timing of an event. However, magnetic 
susceptibility analysis is a non -destructive technique, and less 
time consuming when compared with the chemical analyses. 
Therefore, if the aim of an investigation is only to perform a 
distinction between locations such as these two beaches without 
time references, the technique of magnetic susceptibility could 
be considered to be chosen rather then the ICP -MS analysis, 
once this latter is destructive.
3.6.2 Discrimination between composite profile samples of each 
beach in each season 
In the Oliveira do Douro beach, considering each analytical 
technique independently, only particle size distribution allowed 
a partial discrimination along the beach profile.  The sample 
position located at 90m away from the river clustered together 
with the sample 30m  (Fig. 7a). These results show the greatest 
influence of this technique on the discrimination ability along 
the beach profile.
When cluster analysis was performed combining the different 
techniques no perfect discrimination along the profile was 
achieved. However when only DMUBS analysis and particle 
size distribution were considered, higher distances between 
cluster branches were observed as well as the clustering of the 
two samples closest to the river (0m and 15m) (Fig. 7b). 
In the Avintes beach, particle size distribution showed to 
also be of major importance. Independently, only this technique 
allowed a clear discrimination along the beach profile (Fig. 7c). 
Similar to  the results obtained in the Oliveira do Douro beach, 
only through a combination of particle size distribution with 
DMUBS analysis was it possible to improve the discrimination 
along the profile, with an increase of the distances between 
cluster branches (Fig. 7d). 
It is still likely that most questioned samples derived from 
suspects/ victims clothes or footwear, objects or vehicles will 
bw of a small size and therefore not necessarily representative 
of its source. They can also have lost some components or can 
have captured other ones in transferences that can have occured 
pre-, syn- and post- the forensic event [22]. Complementarity 
of inorganic analytical approaches should be considered where 
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Fig. 6. Dendrogram of cluster analysis performed using the average values from composite season samples obtained through different types of analysis: a) particle 
size distribution, b) particle size distribution and magnetic susceptibility together and c) particle size distribution and major and trace element composition together: 
in the Oliveira do Douro (OD) and Avintes (Av) beaches in the North of Portugal (Sp=spring; Su=summer; A=autumn and W=winter).
Fig. 7. Dendrogram of cluster analysis performed using the average values from composite season samples obtained through different types of analysis in the 
Oliveira do Douro beach (OD): a) particle size distribution and b) particle size distribution and DMUBS together and in the Avintes beach (Av): c) particle size 
distribution and d) particle size distribution and DMUBS together in the North of Portugal (Sp=spring; Su=summer; A=autumn and W=winter).
a) b) c)
a)
c) d)
b)
sample size is limited such as quartz grain [23] and QEMSCAN 
analyses [24]. Results obtained through the research presented 
within this paper are a complement of the ones presented in 
Carvalho et al. [25] where the organic features allowed for 
a perfect discrimination between beaches and samples along 
the profiles. However, seasonal discrimination within both 
beaches (winter/autumn vs spring/summer) was not possible 
to be obtained as it was herein through the combination of 
particle size distribution and geochemical analysis.
4. Conclusions
In our study, the technique of particle size distribution 
analysis using sieving was the most powerful method, to 
distinguish samples from two different river beaches between 
the methodologies that were tested and was also the most 
powerful method to distinguish samples along the profiles in 
each beach. The use of magnetic susceptibility and major and 
trace composition analysis was shown to be advantageous when 
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the aim was to discriminate samples between different beaches. 
However, colour analysis proved to be helpful to realize sample 
discrimination along distance profiles from the river side.
These methodologies (particle size distribution, magnetic 
susceptibility, colour, heavy mineral and geochemical analyses) 
proved to be suitable for the purposes of discrimination between 
samples from two river beaches with the same geological 
context, also being located within a similar area (i.e. ≈3.5 km 
apart) showing that even within restricted geographical areas 
considerable variation can exist in geochemical profiles. Also, 
the analysis of specific heavy minerals can be used to ascertain 
the possible origin of a questioned sample. 
Further work should be performed to analyze the applicability 
of the methodologies tested to other beach types, such as the 
ones developed in a coastal context and on a different geological 
context. 
These results are important and demonstrate that the can 
potentially be of use  in a forensic investigation, such as to define 
a specific locus of a crime and to help situate the crime location 
within a specific locus. Complementing these inorganic features 
with independent infoThis type of geological characterization is 
very important also when the aim is to collect data to contribute 
to the construction of databases which in the future can be used 
to compare suspect and control samples to verify or deny the 
research hypothesis.
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In this work the potential of sediment signatures for application in forensic investigations based 
on the underlying premise of the Locard´s Exchange Principle (Murray and Tedrow 1992b) was 
examined and developed. Within this principle, sediments are regarded as possible physical 
trace evidence favouring the fact that these properties can be largely site-specific (Fitzpatrick 
et al. 2009; Morgan et al. 2009; Ruffell 2010). 
In our study, to characterise the sediments from two Douro River beaches with the same 
geological background, a range of techniques was used to examine these samples. This work 
aimed to explore which techniques are the most suitable to differentiate sediment samples not 
only between beaches but also in each beach along perpendicular profiles to the river. The 
influence of seasonality on the sediment samples was also evaluated.
In the paper “Geological and palynological characterisation of a river beach in Portugal for 
forensic purposes” sediment spring bulk samples were analysed for their colour, particle size 
distribution, heavy mineral and pollen contents. 
For a technique to be used in a forensic investigation, the measured parameters should 
show relatively low variability at small spatial scales (<1m2) not allowing for discrimination but 
must vary sufficiently between geographical separate sampling sites (e.g. 8 km) allowing to 
differentiate them (Pye et al. 2006a). Also, in our study sediment samples collected from the 
corners of a triangular array (one meter apart) proved to have similar analysed properties 
presenting small-scale spatial variability. On the other hand, in samples collected along a transect 
perpendicular to the river bank and spaced 15 m apart, relatively few differences in the same 
analysed features were observed. However, despite of all the similar assemblages obtained 
across the entire sampling profile along the river beach in each technique, some discrimination 
was observed between samples nearest and furthest from the river (105 m maximum apart) in 
particle size distribution and pollen content. Horrocks et al. (1998) studied the forensic value 
of using pollen present in soil samples to test for a link between persons, objects or places. 
They concluded that surface samples within the same area have a high degree of similarity of 
their pollen assemblages. In our study, similar pollen types were observed along the sampling 
profile. However, the relative abundance of the pollen was different, with some pollen types 
predominantly found near the river and other ones furthermost from the river. This beach is 
influenced by tides and so it does not have the stability found in the majority of the soils of the 
region. It probably receives different kinds of material from other places in the same way that 
its material is also removed. This fluctuation can explain the differences found in the pollen 
assemblage and even the differences found in particle size distribution.  
Most of the pollen at a site will come from local and regional wind-pollinated plants with 
the local insect-pollinated plants being highly underrepresented, or not represented at all. 
Thus, the percentage occurrence of pollen types in a sample will not be equivalent to the 
percentage occurrence of their parent plants in the local vegetation (Coyle 2005). This is 
probably the reason why in our study the pollen assemblages from every sampling location 
primarily contained pollen types from arboreal vegetation present in the wider surrounding area 
(5 km radius) and not at the sampling site itself. This could also explain why the pollen from 
most of the annual weeds surveyed at the sampling site was underrepresented in the pollen 
assemblages. Some exceptions were observed in annual weeds of anemophilous nature such 
as Plantago, Asteraceae and Poaceae.
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Croft and Pye (2004a) showed that bulk dried samples of sands, dusts and soils can 
achieve good colour discrimination through the use of a hand-held spectrophotometer, even 
when they are visually similar. They stated that ideally colour should be determined on the 
bulk material and on a specific size fraction or fractions, which are known to be characteristic 
of the particular analysed material. In our sediment samples, colour measured on dried bulk 
samples proved to be useful to characterise this sediment property. However, colour along 
the studied profile was visually very similar.
Our study showed that the analysis of inorganic and pollen content of sediment samples 
can be important to obtain a good characterization of this type of possible evidence that can 
be found in forensic investigations. 
In the paper “Organic matter characterization of sediments in two river beaches from nor-
thern Portugal for forensic application”, sediment samples were collected in each season of 
the year in both beaches and the content of carbon isotope, pollen and plant wax-markers 
was analysed. The potential of these properties for allowing discrimination between samples 
from both beaches and between samples within each beach was evaluated. Seasonal effect 
in these properties was also assessed.
Zetsche et al. (2011) studying organic carbon in estuarine sediments observed a pattern 
of δ13C enrichment (more positive values) moving towards the more marine dominated areas 
downstream. This is due to the fact that organic material of marine origin (which typically 
has relatively enriched δ13C values) dominates the C dynamics of the estuary up to several 
kilometres upstream. In accordance with these results, along our sampling profiles we could 
also observe a pattern of the δ13C with more positive values in samples nearest the river. These 
samples could be more influenced by marine organic material within the river water (even with 
minimal marine contribution) and therefore presented more positive δ13C values. The higher 
δ13C negative values on samples further away from the river was also related to the higher 
amount of C3 plant species in the ground vegetation of those areas which contribute with a 
terrestrial input that is more depleted in δ13C values. Vinagre et al. (2011) also detected carbon 
terrestrial input from a river but into a coastal area. They detected a decrease in terrestrial 
input with increased distance from the river. The river influence was noticeable up to 30km 
from the river mouth in low flow conditions. As expected, δ13C values increased gradually from 
the river source to the marine source with the coastal sites showing increasingly enriched 
values with increasing distance towards the river mouth.
Croft and Pye (2003, 2004b) and  Pye et al. (2006a, 2007) worked on stable carbon and 
nitrogen isotope variations in soils, verifying that they are useful to discriminate between sites 
mainly when used in combination, even when sampling occurs at a different time. Croft and Pye 
(2003, 2004b) also showed that in cases of primary transfer the combination of these isotopic 
ratios is a valuable tool in discriminating between sites and in showing the relationship of the 
transferred samples to the relevant source soils. In our work, once sediments were almost 
devoid in nitrogen only the carbon isotope was considered which proved not to be sufficient 
to discriminate the river beaches. Although the results of carbon isotope alone were not of 
importance in discrimination in our study, there are other isotopes that have proved their utility 
in forensic research. Assisted by background databases, isotopic analysis may contribute also 
to intelligence gathering, search refinement or focused enquiries (Carter et al. 2009).
Horrocks et al. (1998) concluded that if soil samples are localized in different areas even 
having similar vegetation, they can have significantly different pollen assemblages. Our study 
in sediment samples showed that with pollen analysis it was possible to discriminate samples 
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from the Oliveira do Douro beach from the samples from the Avintes beach, with the exception 
of the summer sample from the Avintes beach that grouped together with samples from the 
Oliveira do Douro beach. 
Bruce and Dettman (1996) demonstrated that in soils, palynology combined with carbon 
isotope analysis is useful in forensic science since they also give a very clear picture of the 
vegetation community and thereby geographical location. As the pollen/ spore types found 
could discriminate vegetation communities, it was deduced that specific palynomorph types 
may be used as indicators of those communities. Carbon isotope signatures were shown to be 
also useful in the characterisation of different vegetation community types. In our study, isotope 
results also contributed to identifying the type of the ground cover species (mainly C3 plants). 
However, when combined with palynology, their results did not achieve good discrimination 
between samples from both beaches. 
In our study, the use of n-alkanes and alcohols together to discriminate samples from different 
locations was ineffective when considered alone. So, we combined pollen and wax-marker 
results to obtain discrimination of samples from both beaches which clearly separated. It is 
known that the use of organic components increase the discrimination in soils that are otherwise 
similar (Cox et al. 2000). The major mineralogical differences of soil vary at a regional scale, 
over geological time frames, while the organic component of soil that is associated with plants, 
animals and microorganisms normally vary over more local scales and timeframes contributing 
to a more precise  characterisation of  a specific soil (Mayes et al. 2009; Dawson and Hillier 
2010). Organic features analysed in our sediment samples agreed with this statement. Mayes 
et al. (2009) concluded that it is possible to obtain a better discrimination between plant species 
when a greater number of wax compound are analysed. However, the n-alkane and fatty alcohol 
profiles revealed to be the most adequate for discriminating between numerous plant species 
(Jansen et al. 2006; Mayes et al. 2009). Pollen and plant wax markers were also used by 
Dawson et al. (2004) on soils. Biomarkers (n-alkanes) analyses were performed to evaluate 
their potential to understand and uniquely describe soil identification. They concluded that this 
is a true assumption being another great tool for forensic use. Patterns and concentrations 
of n-alkanes in the soil organic matter reflected globally the signatures found in the overlying 
vegetation. When comparing results from the n-alkanes with the ones obtained through pollen 
analyses these two different sources of information were in agreement. The same agreement 
between pollen, n-alkanes and alcohols was achieved in our study contributing to the organic 
characterisation of our sediment samples and to their discrimination. 
When carbon isotope results were added to pollen and wax-marker ones, discrimination 
was even further improved. These three properties considered together also allowed clear 
discrimination along the beach profiles. 
However, in the analysis of these three properties together, seasonality was not likely to 
be a determining factor for discrimination.
The paper “Physical-chemical characterization of two river beaches from Douro estuary 
(Portugal) for environmental and forensic investigations” was composed following the same 
strategy and to achieve the same aims that were presented in the paper with the organic 
matter characterisation of our sediments. However, the features analysed in this paper were 
largely inorganic, namely: particle size distribution, magnetic susceptibility, colour measured 
in milled and milled and ashed samples and major and trace elemental composition. 
Blott and Pye (2001) stated that sample particle size measures obtained by the Folk 
and Ward graphical method (Folk and Ward 1957) provide the most robust basis for routine 
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comparisons of compositionally variable sediments. Applying this method to our sediment 
samples, particle size distribution proved to be the most suitable methodology to perform 
discrimination between samples. The use of dry sieving confirmed the effectiveness of this 
technique applied to coarser sediments (>0.05 mm) as was already shown by Sugita and 
Marumo (2001). Our results demonstrated that this studied feature was the most powerful 
method to distinguish samples from two river beaches and also along profiles in each beach.
Marumo (2003) and  Dawson and Hillier (2010) stated that particles in different size ranges 
have a general consistency, with for example, quartz and feldspars occurring mainly in larger 
size fractions. Our coarser fractions showed also to be largely composed of quartz, while the 
finer fractions were rich in clay minerals.
Guedes et al. (2013b) showed that magnetic susceptibility is a reproducible technique 
being suitable to be used in forensic analyses. Also, when considered in combination with 
other features this property can be important to enable for discrimination between samples 
(Guedes et al. 2011b, 2013a) similarly to our study.
Croft and Pye (2004a) showed that variation in colour of different size fractions is found in 
geological samples, suggesting that the same size fraction should be used wherever possible 
in colour testing. Their colour results indicate the importance of standardization of the way 
that samples are handled, pre-treated and presented for analysis. Our results also proved 
the need to standardise the colour protocols once colour measured in milled and after ashed 
samples, proved to provide different results. The milled and ashed samples presented the 
highest a* and b* values in the chromaticity diagram. 
Between both tested pre-treatments and despite the ineffectiveness of this technique when 
considered alone to differentiate samples, colour measured only in milled samples allowed for 
a better discrimination between samples from both beaches. The ineffectiveness to perform 
discrimination using ashed sediment samples was also shown in a study by Guedes et al. 
(2009). 
If rare or unusual sediment components are found, their study should also be carried out 
in association with the other components analysed, thus enhancing the evidential sediment 
value (Dawson and Hillier 2010). Specific heavy minerals can be considered in this group 
of components and can reveal to be useful to better ascribe samples to a specific location. 
Our study revealed that heavy minerals such as, tourmaline, monazite, limonite, sphene, 
sillimanite-fibrolite and rutile appeared in samples near the river. 
When different methodologies of analysis were combined to ascertain their capacity to 
discriminate samples we conclude that magnetic susceptibility or major and trace element 
composition when combined with particle size distribution were advantageous to discriminate 
samples between both beaches. Melo et al. (2008) proved that between chemical, physical 
and mineralogical soil analyses, the chemical extractions were more precise in grouping similar 
samples (same horizon and sampling site) and in separating samples collected in different 
soil horizons or sites. Our results showed that in fact, major and trace element composition 
results combined with results from the particle size distribution, gave a better discrimination 
than when particle size distribution was considered together with magnetic susceptibility. This 
method also allowed for separation between seasons within both beaches (autumn samples 
grouped with winter samples and spring samples grouped with summer samples) enabling 
the identification of the seasonality of a possible event.
Results from colour measured on milled samples was advantageous when combined with 
particle size distribution to realise discrimination between samples collected along profiles 
perpendicular to the river side. Junger (1996) showed that using colour and grain size distribution, 
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soil samples in close proximity can be distinguished from one another. Sugita and Marumo 
(2001) also showed that associating the results of colour examination to those obtained with 
the analysis of particle size distribution, the discrimination power of samples can be improved.
Guedes et al. (2013a) also demonstrated that it is meaningful to use colour, particle size 
distribution, chemical composition and magnetic susceptibility characteristics, especially when 
examined in combination, to distinguish between different sediment samples in different and 
in the same locations. In their results, the colour analysis only allowed discrimination between 
different geographical areas; particle size distribution allowed separation between dune and 
beach samples; chemical composition allowed discrimination between both different geological 
settings and also between dune and beach sands; and, finally, the combination of magnetic 
susceptibility with colour and particle size distribution allowed for clear discrimination between 
geological settings, and between beach and sand dunes.
If samples belong to different places that have similar inorganic features, they cannot be 
easily distinguished only by geological techniques (Marumo 2003).   This limitation of obtaining a 
perfect distinction between sediment samples from places with the same geological background 
was demonstrated in this paper even when using a considerable range of inorganic features. 
The paper “Geochemical characterization of two river beaches from the Douro River, Por-
tugal, for forensic purposes” presents the analysis of some metal concentrations in sediment 
samples from two beaches collected in all the seasons of the year with the aim to ascertain 
possible contaminations and to study the spatial and temporal elemental variations.
Sediment samples contaminated by anthropogenic sources were already analysed by several 
authors. Müller et al. (1994) correlated higher levels of some heavy metals found in river 
sediments with the influence of smelting industries, industries producing refractory materials and 
outputs from chemical industries. Anthropogenic influence derived from industries and domestic 
sewage was also proved by analysing trace elements in bottom sediments downstream of 
these activity focuses into three rivers in India (Konhauser et al. 1997). The trace elements in 
these river sediments with the same geological bedrock differed greatly, proving the existence 
of external trace element sources.  Lim et al. (2013) differentiated sediment samples that were 
polluted by agricultural and industrial activities (man-made) and by seawater intrusion (natural 
processes) based on heavy metal studies. In Portugal, Vidinha et al. (2006) performing major 
and trace elemental analysis in beach and dune sediments, testified its utility in discovering 
additional sources for some heavy metals beyond the continental contribution, related with human 
activities. However, specifically in the Douro River, Araújo et al. (2002) through geochemical 
soil analysis did not find evidence of heavy metal contamination detected in anthropogenic 
element/ Al ratios from Douro estuary in the shelf sediments. They observed the contribution 
of sediments from the river to the shelf due to the similarities between them and the sediment 
composition of the Douro mud patches. Our results, in accordance to studies performed by 
Mucha et al. (2003, 2004) in the same estuary, revealed contamination with chromium that 
possibly comes from sources upstream from our study locations.
Pye and Blott (2009) showed the utility of ICP-MS as a quick, precise and cost effective 
method for the comparison of soil samples. They concluded that ICP-MS is a practical tool 
which can be used to screen soil samples during investigations and to identify areas of 
geographical interest. Through our results, we also observe the utility of the ICP-MS and 
ICP-OES to perform elemental analysis being useful in characterisation and discrimination 
of sediment samples. Despite the similar metal contents in both beaches, it was possible 
to distinguish samples from the Oliveira do Douro beach from those of the Avintes beach. 
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However, the sample at 60 meters from the river in the Oliveira do Douro beach grouped 
together with the samples from the Avintes beach and the samples furthest from the river in 
both beaches grouped together and apart from the others. Mineralogical composition varies 
according to particle size variations once different minerals often occur in different particle 
size ranges. Different kinds of minerals also have distinctive elemental compositions (Pye 
et al. 2007, Dawson and Hillier 2010).  This can be the reason why the samples furthest 
from the river in both beaches grouped together once they were enriched in finer sediments, 
having in this way some different minerals from the other samples along the profile and so, 
different metal contents. This reflects the sensitivity of elemental concentrations (especially 
trace elements) to small variations in soil and sediment mineralogical composition (Pye et al. 
2006a). The majority of the elements analysed did not show significant differences between 
each season not contributing for time discrimination.
Our paper showed that geochemical signatures can be used in both criminal and environ-
mental forensics. 
Although not included in any paper, atmospheric pollen characterisation was performed 
and allowed us to obtain knowledge about the plant species that were also present in the 
vicinity of these beaches within a radius of 30 km. Therefore, with the results from the atmos-
pheric pollen characterisation, a pollen calendar was constructed (Attach nº 1). These results, 
although not correlated with other results presented in the papers, are also going to be inte-
grated into a geographical information system of soil and sediment database that is already 
under construction in the Centro de Geologia da Universidade do Porto. Thus, they could 
also be used as an investigative tool in forensic investigations involving sediment samples.
Normally, in each forensic case investigation, the analytical methodologies are chosen 
considering the material resources available, the amount of sample that is needed, its condi-
tion/ context and specific conditions and nature of soil evidence, the money that can be spent, 
the judicial timetable, as well as the purpose of the investigation. Each technique has different 
levels of significance depending on the criminal case in analysis (Marumo 2003; Dawson and 
Hillier 2010). Each case should be examined individually in order to obtain as much informa-
tion as possible from the samples under analysis (Morgan and Bull 2007b). 
In our study, eight techniques were applied to characterise and discriminate sediment samples 
from two river beaches: particle size distribution, colour, magnetic susceptibility, heavy minerals, 
elemental geochemistry, palynology, plant wax-markers and light stable isotope analyses. 
After having all of these sediment features characterised, another suite of combinations, 
other than the ones realized in our papers, should be performed. The actual increase of 
quantitative methods leads to an easy combination of the data.
Summing up, multi-proxy analysis using confirmatory (different means to analyse the same 
material) and independent means (analysing materials with different sources in the same 
sample) is the best way to achieve a robust exclusion or comparison between samples. 
However, such an approach will not always be possible as it has the disadvantage of nee-
ding enough sample and requires the availability of a wide range of analytical material and 
instruments (Ruffell and Dawson 2009).
CONCLUSIONS
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PART V – FINAL CONCLUSIONS 
Nowadays, the present growing world problems require even more development of general 
research and application of technologies that contribute to the identification of criminals and 
ideally anticipate their actions before a crime is committed. 
In our work, the potential of geological and palynological methods in the characterisation of 
two river beaches for application in forensic investigations was evaluated. For that purpose, 
two river beaches with the same lithological context were selected, in northern Portugal, on 
the southern bank of the Douro River in Vila Nova de Gaia, near Porto. The surrounding 
geology of both beaches is characterised by distinct lithologies, the most important of which 
are the Porto two-mica Hercynian granite, and  the ‘‘Schist-graywacke complex’’, composed 
by micaschists, metagraywackes, amphibolites and gneisses, ante-Ordovician in age. 
Several physical-chemical and biological properties of the beach sediments, particle size 
distribution, colour, magnetic susceptibility, heavy minerals, major and trace elements, pollen 
content, plant wax-markers: n-alkanes and alcohols, and carbon isotopes were studied and 
the capacity of these properties to discriminate samples and beaches investigated.
To account for spatial and seasonal variability, samples were collected in all seasons of 
the year on both beaches and the same sampling procedure was followed on each date. All 
the samples were collected along a transect perpendicular to the river side and spaced 15 
meters apart. At the same time that the samples were collected, a plant survey was carried 
out at each beach.
In our work, across several analytical techniques (organic and inorganic) evaluative appro-
aches were used for the comparison of possible evidential material providing a thorough 
characterisation of sediments from both river beaches and supplying potentially powerful 
multivariate data. The work produced under the scope of the present dissertation allowed us 
to conclude that:
1. Each technique used alone: elemental geochemistry, particle size distribution, magne-
tic susceptibility, spectral colour, pollen, carbon isotopes and plant wax-markers data did 
not allow a complete discrimination of the samples from the two river beaches, neither 
between samples along the beach profiles, nor between seasons in each beach.
2. The use of carbon isotope, pollen and plant wax-marker analysis, in combination, allo-
wed for the most precise discrimination between the studied samples.
3. As the studied sites are located within the same lithological context, only the combined 
analysis of different techniques allowed for a better distinction between the samples from 
Areínho Oliveira do Douro and Areínho Avintes and between samples along the beach 
profiles.
4. In both beaches, seasonality was not a determining factor for discrimination, at the times 
considered. Only particle size distribution combined with major and trace elemental data 
allowed for a clear discrimination; not between specific seasons but between groups of 
seasons (spring plus summer and autumn plus winter) within both beaches. However, in 
the case of the Avintes beach, the feature particle size distribution alone could differentiate 
between samples collected in different seasons.
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Final conclusions
Within the same geological parent material, it was verified that each beach presents 
variable inorganic features and flora associations. The use of different analytical techniques 
(particle size distribution, spectral colour, magnetic susceptibility, heavy minerals, elemental 
geochemistry, palynology, plant wax-markers and light stable isotope analyses) were impor-
tant to characterise and discriminate sediments for forensic purposes.
The application of these analyses to sediments to test their efficiency can enable more 
accurate sampling procedures and can indicate the most appropriate approach in order to 
investigate river sediments on a specific forensic context. 
It is known that to characterise sediment samples for forensic purposes, it is preferable to 
use less expensive, fast and non-destructive techniques first. However, in our study it was not 
possible to follow this choice parameter to obtain clear conclusions because more expensive 
and destructive techniques were also applied in order to achieve reliable results. Routine 
comparisons should involve the combination of several independent techniques.
The results obtained through the research presented herein can possibly allow the elimina-
tion of searchable areas contributing to an easier identification of the source location of a 
questioned sample, allowing for the exclusion of alibi locations and even the crime location 
within a specific locus and also to test the possible association between objects and people 
probably related with the problem under analysis. 
Thus, the future inclusion of this wide range of data in the soil/ sediment database from 
Portugal that was initiated by the Centro de Geologia da Universidade do Porto, is truly 
important for their use in possible future forensic investigations.
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